= 
=) 
=) 
fe 
a 
==] 
Sa) 
= 
) 
fe 
fy 
Z 
fs) 
sa 
< 
& 
ea 
2) 
=) 
& 
& 
o) 
Zz 


Ex AIPRIS 
UNINERSTCACIS 


BRUCE PEEL SPECIAL COLLECTIONS LIBRARY 
UNIVERSITY OF ALBERTA LIBRARY 


REQUEST FOR DUPLICATION 


I wish a photocopy of the thesis by 


KURT DIETER L/1GEN Beh (author ) 
entitled PRoGRESSVE EAVZMHEE my, OCECKRCONZg Dh DATED 


CLAYS F Ht UDSTONGF 


The copy is for the sole purpose of private scholarly or scientific study 
and research. I will not reproduce, sell or distribute the copy I request, 
and I will not copy any substantial part of it in my own work without per- 
mission of the copyright owner. I understand that the Library performs 

the service of copying at my request, and I assume all copyright responsi- 
bility for the item requested. 


Date Name and address Pages copied Signature 
: SK OSGVEKT {SARC et 
TE MclLOWPelHrEe CREE D0) —-o>?_ 
Fert MceMugeas eo Srna find 
Z ST ee ee a) 


THE UNIVERSITY OF ALBERTA 


PROGRESSIVE FAILURE IN OVERCONSOLIDATED CLAYS AND MUDSTONES 


by 


CG KURT DIETER EIGENBROD 


A THESIS 
SUBMITTED TO THE FACULTY OF GRADUATE STUDIES 
AND RESEARCH IN PARTIAL FULFILMENT OF 
THE REQUIREMENTS FOR THE DEGREE OF 
DOCTOR OF PHILOSOPHY 


DEPARTMENT OF CIVIL ENGINEERING 


EDMONTON, ALBERTA 
FALL, 1972 


bes ve 
i, ! 
I 
a 
, rive 
‘ hah 
Fi , 
Tayi 
yr 
G 
‘ S ve Py 4 e 
, ae 
7 
=i < 
i 
} b i 
+ ‘ 
ee \ 
‘ {eo ay 
: i oa, 
‘ : \ ew Ny 
i ; 
7 J bac y&; 
ro r Eien ’ 
i X / a 
; \ os = 
’ Pi » i : 
es ; ; u 
a u , ~ 
‘ . “ is 
je 5 
U 5 ee P 
oe : ‘ * 
‘ 4 X, i 
a. ' 0 4 Ss 
a RY ¥ 
wD , , 
eA! i ‘ ; 4 
ee i 5 
1 1 aL U V 7 , 
i * we] 
5 > ? ee 
a S P 1 ae 
i “1 nee, 
‘ 3 Ms ea 2 
f a 
— i 
e 4 ) t } sv 
\ us i 
‘ \ A ~ 
‘ a] 
; 4 
hi ~ 
, ‘ r 
. ae { 
ie - 
aI i} 
\ . 
, ¢ 
i : 
1h 
j 
i 
‘ 
% 
( 
‘ 
- 1 
} , } 
#5 
y ~ 
ra i] 
4 ) 4 
y ; a 
Y i 
1 * 
oy P 
yi y 
i fi ¥ 
on r 
not 
st 
whe. 
4 } 
* n 
i iu L 
a 6 pas 
; t 
ve rs p 
» - = 


int 


ie ee 


ABSTRACT 


A review of previous work on progressive failure in overcon- 
solidated clays and mudstones indicated many misinterpretations and 
complications of this problem. In order to avoid further misunder- 
Standings progressive failure was defined in the following manner: 

"Progressive failure exists in the field, when on average the 
strength mobilized at failure is less than the peak strength exhibited 
by testing a representative element of the slope in a representative 
manner. " 

It was shown that the basic distinction between mechanisms 
causing fully softened strength conditions and mechanisms causing resi- 
dual strength conditions is arbitrary. The two strength conditions re- 
present just two successive stages of strength reduction. During the 
first stage of strength reduction the cohesion intercept is reduced as 
a result of dilatancy. Fully softened strength conditions (c' = 0; 

g' = B' peak) are the final result of this process. Subsequent large 

Shear strains lead to the second stage of strength reduction. Continu- 
ous shear planes develop causing a reduction of the effective friction 
angle. Finally, after very large strains, residual strength conditions 
Bae a8 se B residual 


Field evidence indicated that the average strength mobilized 


) can be obtained. 


along a first-time failure plane is never less than the fully softened 
strength. Residual strength conditions were found only along reactivat- 


ed shear planes after very large shear strains. For non-fissured materi- 
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als with flat-topped stress strain curves it was shown that pre- 
failure strength reduction is unlikely to occur. 

The importance of knowing the representative strength of a 
Slope material was pointed out. The strength of a slope is governed 
by zones of weakness, which often are very small features and in 
many cases can be recognized only by knowing the factors which created 
them. Nonhomogeneous water pressures have to be expected in many 
slopes, as well. Therefore a special concern for minor geological de- 
tails is always recommended. 

Pore pressure changes upon excavation of a slope were found 
to be predictible in relatively homogeneous materials by a Finite Ele- 
ment Analysis. A numerical analysis of the dissipation of excess pore 
pressures due to unloading indicated that this process might possibly 
account for many delayed slope failures. 

For overconsolidated clays and mudstones a classification 
was suggested on the basis of water deterioration tests. The standard 
compression softening test differentiates between clays and rocks ac- 
cording to strength reduction during water immersion of materials at 
their natural water contents. Clays were further classified according 
to rate of softening into hard, stiff, and medium to soft clays. 
Amount of strength softening can be predicted from simple compression 


test results. Clays and mudstones can also be described in terms of 
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slaking properties. Amount of slaking is predictible from the Liquid 
Limit of the materials. The rate of slaking can be obtained from a 


simple water immersion test of ovendried specimens. 
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Bes ia) = effective residual angle of friction 


i 
Sw 


total unit weight of a soil 


unit weight of water = 62.4 1b/ft° 


H = height of embankment 
h = depth below groundsurface 
ry = Liquidity Index = 7 
lio = Liquidity Index of undisturbed material 
ly = Liquidity Index after the first slaking cycle 
Al, = change of Liquidity Index during the first slaking 
WI-Wh 
cyclep=elppre Ifgs= Ip 
I, = Plasticity Index = w, - Wy 
ly = Work Softening Index 
Ko = Coefficient of Earth Pressure at Rest 
k = permeability (m/sec) 
my = Coefficient of Volume Compressibility (cm¢/gm) 
i = micron 
v = Poisson's Ratio 
qu = unconfined compressive strength 
o~ = total stress 
oT = effective stress 
6) 6, = principal stresses 
6, = vertical stress 
6G, = horizontal stress 
Gs Oy = stresses in x- and y- direction 
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Wy 


w* 


AWf 


change of principal stresses 

change of stresses in x- and y- direction 

time since inception of dissipation of excess pore 
pressures 

time of softening during water immersion 

time factor = cyt/H? 

pore pressure 

pore pressure before excavation 

pore pressure immediately after excavation = u* - Au 
pore pressure at steady seapage conditions 

change in pore pressures due to unloading = u* - uo 
excess pore pressures = Up - Ut 

water content in percent of dry weight 

equilibrium water content after each wetting stage 
water content after 2 hours of water immersion 
water content after Ist cycle of slaking 

maximum increase of water content during slaking 

= We - Wy 

Liquid Limit 

natural water content 

Plastic Limit 

maximum water content due to slaking 

increase of water content during softening 


change of water content after full softening 
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CHAPTER I 
REVIEW OF STUDIES ON PROGRESSIVE FAILURE 


1. Historical Review 

Slopes in overconsolidated clays and mudstones have al- 
ways been very troublesome because of the occurrence of many failures 
which often happen some time after the slopes had been cut. A first 
explanation for this apparent decrease in strength with time was gi- 
ven by Terzaghi in 1936. He suggested that in "stiff fissured clays" 
the lateral stress release which results from excavating a cutting, 
could cause some opening of fissures and an increase of mass perme- 
ability. The strength of stiff clays is sufficient to keep a fissure 
open even at considerable depths and softening can then start from 
the face of the open fissures under zero effective stresses. This 
leads to a reduction in average strength, which allows more deforma- 
tions to occur. More fissures then open up and the process continues. 
In 1948 Skempton continued along this line and inferred (although Ter- 
zaghi did not draw this conclusion) that, 

"unless slip intervenes, the end product of such a soften- 
ing process must be a clay reduced essentially to its normally conso- 
lidated condition." 

Quantitative data on the rate of softening in London Clay which were 
based on field evidence and undrained strengths at the time of failure 
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were quoted as an indication of a time dependent trend of 

strength reduction. Cassell (1948) compared laboratory strengths 

and field strengths in Lias, Oxford, and London Clays, and found 

that slips occurred in the field with the clay far softer 

than ever measured by routine laboratory tests. From field evidence 
shear strengths were estimated which were about an order of magnitude 
smaller than the laboratory strengths. The stable angles which were 
suggested for those formations were found to be in close agreement 
with the inclination of the natural slopes. 

The early studies were generally limited to a ¢ = 0 failure 
analysis. A more fundamental approach to the problem of slope stability 
became possible after the development of the effective stress analysis 
(Bishop, 1952 and 1955). The effective stress analysis based on reli- 
able laboratory test data, provided a more dependable prediction of 
field behavior, although for some cases in overconsolidated clay 
slopes it was necessary to assume very high pore pressures or to re- 
duce the effective cohesion to zero in order to explain slope failures. 
Henkel (1955) suggested for long-term design of slopes in London Clay 
that c' = 0 and ¢' is as obtained from the laboratory tests. A mechanism 
important for the long-term stability of slopes was pointed out in 
1953 by Bishop and Henkel: They showed that unloading due to excava- 
tion initially will not be reflected in the effective stresses but only 
in the decrease of the pore pressures. With time these negative excess 


pore pressures dissipate until eventually they are everywhere in equi- 
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librium with the steady seepage flow pattern appropriate to the new 
slope profile. This process which is correlated to a decrease of the 
average principal effective stresses can lead to slope failure. In 
the early 1960's more and more case histories were reported in over- 
consolidated clays and clayshales which could not be explained even 
with the previous modifications to the effective stress analysis. In 
1960 Gould presented a number of cases of slides in highly overcon- 
solidated clays from California. On the basis of stability analysis 
on slopes in these materials he suggested: 

"that the strength actually mobilized in slides or mass 
creep is inversely proportional to the amount of displacement 
which has occurred previously in the shearzone." 

He also proposed 


"that previous slides or even small movements have perma- 
nently damaged the shear resistance of the stiff clays." 


The deformations in a slope had been observed as displacements of a 
rigid mass on a narrow shear zone. He proposed therefore: 
"that a relatively small movement may suffice to reduce the 


strength available to the laboratory ‘ultimate’ value following 
brittle failure." 


In 1964 Skempton proved the correlation between laboratory residual 
strength and the strength on natural slip surfaces on the basis of 
the detailed study of the failure at Walton's Wood. The phenomenon 
of residual strength for undisturbed clays had already been found 

in 1937 by Tiedemann and Hvorslev, and the term "residual strength" 


had been introduced by Haefeli in 1938. Skempton, however, could 


it tos Ot p iapsnrwe et Hie Fi csr it 
a at ast cute 08: beat NB: eogzovse avisoatt: ts bo 
=) oo : “sev0 nt berroqsr aM aetioseid S260 stom bi vn 2 int 
a / nevs bsntsfaxd ed gon. bivos ri le zofadousty bas. ayelo'b , bite 
AT,  etowlens eeeade’ avFiootte ait ot, anotieg RGM woven yee 
~A09¥9V0 xiiphit qt debe: to 2a269 ay i raga gb foot 
aku ysittdsde to 2izad eli ni satire 80 mort 2 
“abet espoue oti 2fstnadem scsi 
- 2aen Yo 2sbile qi bes? hidom: uf feutos, dtpnena 


- toeme: salqeth +e tapos, atk oF ies 6 
" SrOSVESHe: dl at vit 


a sibs 2d namaven Preme asi’ 40 aapite | ‘OFVON 
".2NBTD tttye eat Mis soneder aay "HE 


6 sto ednomos: f eth e6 bovavede ‘iad hed gore. i We | | 


. ; ‘protecrad ‘bezogora ait S05 ‘ieode worsen 6 0.2 


' ‘. 4 | os $ soubor od a5te ssi eine sas pe : 
oe i hs hsm fot RY ‘eben u el 


_Fabiey ‘eos niga soHtsTerto9 ant # Sa ; ‘ 3 


con 
es ya 
ay 


, ik =i writ a bn alee nme osm w ¢ 


correlate the concept of residual strength to the strength along 


natural shear planes on the basis of clear field evidence. He 
suggested that some mechanism of progressive failure might have 
caused the low strength values. He defined progressive failure in 
the following manner: 

"If for any reason a clay is forced to pass the peak at 
some particular point within its mass, the strength at that point 
will decrease. This action will throw additional stress on to the 
clay at some other point, causing the peak to be passed at that 
point also. In this way a progressive failure can be initiated 
and in the limit, the strength along the entire length of a slip 
surface will fall to the residual value." 

He pointed out that in general 

"a slip may occur before the residual strength is attained 
throughout the clay, but once progressive failure has started the 
average strength of the clay will decrease inexorably towards the 
limiting residual value." 

In the following years it became very common to analyse instability 
in terms of residual strength. In 1965 Skempton pointed out the im- 
portance of testing representative samples in a representative manner. 


He summarized the conditions by which discrepancies between laboratory 
and field data can arise, such as drainage conditions, rate effects, 
scale effects, testing the right material, and mechanisms of progres- 
sive failure. In 1966 Bjerrum suggested a possible mechanism for 
progressive failure, postulating that this mechanism was the result of . 
the large content of "recoverable strain energy" in overconsolidated 


plastic clays. The conditions for this mechanism can be summarized as 


follows: 
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1) Unstable stress strain curve 
2) Local stress concentrations on the foot of the slope 
3) Large movements due to release of locked-in strain 
energy 
Bishop (1967) proposed a mechanism based mainly on local overstress- 
ing. He explained that 


"=-- due to local overstress a zone of plastic equilibrium 
is formed in a slope long before general failure takes place." 


He also pointed out that a change in loading conditions or pore 
pressures will lead to a 

"--- progressive extension of the zone of failure along the 
potential slip surface, while within this zone the shearing resistance 
will commence to drop from its peak to its ultimate or residual state." 
It was suggested that the drop in strength depends on the difference 
between peak and residual strength, which he described by the 


Brees oY 


"Brittleness Index": Ip SF 


where s¢ and sy are respectively the peak and residual strengths. Bishop 


defined progressive failure the same way that Terzaghi did in 1948: 


"Progressive failure indicates the spreading of failure over 
the potential surface of sliding from a point or line towards the 
boundaries of the surface. While the stresses in the clay near the pe- 
riphery of this surface approach the peak value, the shearing resistance 
of the clay at the area where the failure started is already approach- 
ing the much smaller ultimate value. As a consequence the total shear- 
ing force that acts on the surface of sliding at the instant of complete 
failure is considerably smaller than the shearing resistance computed 
on the basis of the peak values." 


Peck (1967) discussed a set of Conlon's test results and his interpreta- 
tion of them with respect to progressive failure on overconsolidated 


clays. The strain at which the peak stress occurred was found to depend 
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on the normal pressure. In relating this result to a circular failure 
surface in a slope, Conlon suggested that since the stress distribu- 
tion is nonhomogeneous, the strength has to be mobilized in a nonho- 
mogeneous manner. It was concluded that the maximum resistance cannot 
be as great as the resistance that would be calculated on the basis 
of the peak strengths nor as small as the resistance based on the re- 
Sidual strengths. Conlon had suggested further that fissures in a 
soil could lead to high compressibility and permit differential strains 
to occur along the surface of sliding. Peck pointed out, too, that 

"--- possibly the most important factor affecting our ability 
to predict whether or not a slide will start, is whether we are in 
an old slide area." 
The importance of old shear zones for the overall stability of slopes 
was recognized for the design of open pit mines in many parts of the 
world (e.g. Schultze, 1956; Dolezalek and Duero, 1962; Popov, 1948 
and 1960; Komarnitskii, 1968). A number of case histories have been re- 
ported in which slope stability was clearly defined by old shear zones 
(e.g. Skempton, 1966; Esu, 1967; Leussink and Mueller-Kirchenbauer, 
1967; De Beer, 1969). Turnbull and Hvorslev in 1967 discussed the pro- 
blem of progressive failure referring to nonhomogeneous stress distri- 
bution and local overstressing as described by Bjerrum and Bishop. It 
was pointed out that possible limitations of these mechanisms were in- 
dicated by several case histories in overconsolidated soils in which 
the average shear strength along failure surfaces was found 


"close to peak strength, although a smaller average shear 
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strength would be expected for soils having a residual strength which 
is appreciably smaller than the peak strength." 


In 1969 Duncan and Dunlop studied the effects of initial 
lateral stresses on the stresses around a slope. They analysed a 
homogeneous linear elastic isotropic material using a plane strain 
formulation of the Finite Element method. The stress conditions in 
a slope after excavation were found to be strongly influenced by 
Ko» while a variation of Modulus of Elasticity within the ground had 
very little influence. It was concluded that for high Ko-values large 
Shear stresses, even failure stresses, might develop at some points 
within a slope even though the Factor of Safety (in terms of undrained 
strength g.y = 0) was far greater than one. They bias that the 
existence of high horizontal stresses in heavily overconsolidated 
clays and shales increases the probability of progressive failure. 
Yudhbir (1969) showed in oedometer tests that K)-unloading causes 
shear failure of the specimen. He concluded that in areas where unload- 
ing had occurred, the ground Fails due to K,-unloading down to a depth 
of about 40 feet. Additional shearing strains associated with further 
unloading to small stresses were believed to reduce the shearing re- 
sistance of the material along the shear surface. Christian and Whit- 
man (1969) studied the effect of horizontal stress release on progres- 
sive failure using a theoretical model. They considered a single 
layer bonded to a rigid base with elastic, plastic, and strain soften- 
ing behavior for the bonding between the layer and the base. In this 


model it was found that even for slopes with a high Factor of Safety 
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8 
in terms of residual strength, there is a possibility of propagation 
of a failure surface. 

Bishop and Lovenbury (1969) studied the long-term creep cha- 
racteristics of overconsolidated London Clay and normally consolidated 
Pisa Clay under drained conditions. They showed that long-term load- 
ing does not lead to substantial strength reductions. This suggests 
that there is no path to the residual which by-passes the peak. James 
(1970 and 1972) presented an investigation of about 90 case histories 
most of them in overconsolidated English clays. The majority of slides 
had failed with c' = 0 and gg = b' peak: Many of the failures which had 
occurred at reduced c' and ¢' were found to be reactivated slides 
along old failure planes. The number of slips exhibiting progressive 
failure was reported to be very small. In this context James defined 
progressive failure 


"as the simultaneous or quasisimultaneous decay in both 
parameters, c' and g'." 


Investigations of repeated slides showed that a reduction in strength 
due to failure happens only after very large movements of the order of 
several feet. It was suggested that unless deformations are 

localized, along one thin layer or at the interface between two some- 
what different layers, the strains would be too small to give any- 
thing approaching the residual. Progressive failure might therefore 
not be possible in a homogeneous slope. Wilson (1970) reported a large 


number of landslides which had failed in part by showing progressive 
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movements, and referred to them as examples of progressive failure. 
In the light of James' observations Skempton (1970) again 
discussed first-time slides in overconsolidated clays and described 
the post peak changes in strength as comprising two successive stages: 
"a) Dilatancy and the opening of fissures leading to increases 
in water content and culminating in a drop in strength to 
the fully softened value, at which stage there is a sof- 
tened shearzone with numerous discontinuous shears. 
b) Development of principal shears of appreciable length, 
some of which eventually link together and form a continu- 
ous shear, when the residual strength is reached along the 
entire slip surface." 
Referring to James' data he explained that there is sufficient field 
evidence to show that 

"the strength in first-time slides in London Clay cuttings 
tends towards, and does not fall significantly below, the fully sof- 
tened value," 


The end of the softening stage (a) was believed 

"to represent a more realistic limit than the residual for 
the ultimate drop in strength preceeding a first-time slide in Lon- 
don Clay." 
This statement is a reiteration of the opinion expressed on several 
occasions before 1964 (e.g. Henkel, 1955; Skempton, 1948). Neverthe- 
less, he did not preclude the possibility that strength reduction 
prior to a first-time failure is more substantial in some materials, 
as proposed by Bjerrum (1966). Bishop (1971), on the other hand, has 
argued that a nonuniform mobilization of strength from peak to resi- 


dual along the slip surface might also account for known cases of 


first-time failures which had been cited as failures at c' = O and 
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o, = peak: Bishop pointed out 


‘that this hypothesis applies to clay slopes whether or not 
the clay is fissured," 


In 1971 Bishop et al. described the investigations of the post peak 
behavior of clays in a new ring shear apparatus. From the results ob- 
tained they concluded that residual strength conditions in clay can 
be reached only after very large strain. The initial loss in strength 
was explained by a destruction of cohesion due to dilatancy and break 
of cementation bonds. 

Progressive failure has also been investigated and described 
in other materials. For granular media very detailed studies exist, e.g. 
by Taylor (1948), Wroth (1958), Roscoe, Schofield and Wroth (1958), 
Rowe (1962 and 1969), Roscoe (1964 and 1965), Muhs (1965). Quick-clays 
were investigated e.g. by Bjerrum (1955), Bjerrum and Landva (1966), 
Conlon (1966), Bjerrum et al. (1969), Townsend et al. (1969). Pro- 
gressive failure in rocks was described e.g. by Terzaghi (1962), Muel- 
ler (1962), Haefeli (1965), Krsmanovic (1967), and progressive failure 


in snow slabs was reported about by Haefeli (1965). 


2. Outline of the Project 


As can be seen from the previous review, the problem of pro- 
gressive failure in overconsolidated clays and mudrocks is by no means 
resolved. There are many different concepts and definitions in use, 
which, because they were not clearly stated, have caused misunderstan- 


dings and misinterpretations of slope failures in overconsolidated 
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Clays and mudstones. There is an apparent tendency to restrict pre- 
failure strength reductions to a softening mechanism as Terzaghi 
first suggested (Skempton, 1970), but it is still not yet fully ac- 
cepted that a reduction in strength to residual is unlikely in a 
slope before first-time failure (Bishop, 1971). The restriction of 
pre-failure strength reductions to softening mechanisms is mainly 
based on evidence in London Clay. Hence it appears worthwhile to 
have a closer look at first-time slides, which have been reported 
in other parts of the world. The materials involved, however, em- 
bracing overconsolidated clays as well as shales and mudstones, are 
not yet consistently classified (Underwood, 1966). In order to come 
closer to a solution of the problem of progressive failure the follow- 
ing points will be considered in this study: 

1) The term progressive failure needs to be clearly defined. 
The implications, limitations, and consequences of the de- 
finition should be discussed and compared with previous in- 
vestigations. 

2) The study on first-time slides by James (1970) should be ex- 
tended to other materials, to find out whether the results 
in English clays hold true for materials in other parts of 
the world. 

3) A classification system should be established to permit 
qualitative and quantitative comparisons of different materi- 


als on the basis of some of their most significant engineering 
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properties. A systematic study of some of the most conspi- 
cuous properties, such as "Slaking" or "softening" is of 
interest to add to the understanding of the process which 
leads to strength reduction in overconsolidated clays and 
mudstones. 

The mechanisms which can cause apparent strength reductions 
in a slope should be analysed in order to distinguish them 


from the mechanisms leading to true strength reduction. 
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CHAPTER II 
DISCUSSION OF PREVIOUS STUDIES 


1. A Definition of Progressive Failure 


Different concepts and definitions of progressive failure 
are in use. Therefore a systematic investigation and a thorough dis- 
cussion of the problem is warranted to clarify not only the concepts 
but also the terminology. For example, Hayley (1968) and Wilson 
(1970) described slope failures showing progressive movements which 
were generated in various manners. They referred to them as examples 
of progressive failure. Wilson summarized that the "progressive 
nature of landslides", as indicated by "progressive movements of the 
Sliding soil mass", was found "to be in agreement with generally ac- 
cepted hypotheses concerning the mechanism of such progressive 
failures." 

Progressive movements within a slope certainly can be indi- 
cative of progressive failure since progressive failure is always cor- 
related to some kind of progressive movements. However, progressive 
movements are not necessarily related to progressive failure. Progres- 
sive movements can also indicate reactivated failures. 

In the present study progressive failure will be defined in 
the following manner: 
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“Progressive Failure exists in the field, when on average 
the strength mobilized at failure is less than the peak 
strength exhibited by testing a representative element of 
the slope in a representative manner." 


In order to understand the implications of this definition some of 


the terms used will be discussed in the following. 


‘1.1. Representative Elements of the Slope 

The term "representative element of the slope" implies that 
the samples to be tested should be such that they represent those 
elements of a slope which define its overall strength. These samples 
have to be representative in structure, and therefore have to be of 
a representative size. A representative sample must be sufficiently 
large to contain a representative selection of all particles and 
all discontinuities in the clay. Sufficient sample size is particular- 
ly important for overconsolidated clays and mudstones which general- 
ly contain joints and fissures. The representative size of the sample 
depends on the fissure spacing. The influence of sample size on 
strength has been studied systematically in terms of undrained strength 
parameters, e.g. for London Clay (Agarwal, 1967; Skempton et al.,; 1969). 
It was found that the in situ undrained strength of London Clay is 
around 65 to 75% of the conventional 1 1/2"x3" triaxial compression 
strength. Less systematic investigations exist for the effect of 
sample size on the effective strength parameters c' and 6' of stiff 
fissured clay. From investigations for Barton Clay (Marsland and But- 
ler, 1967) it was found that for the stress levels typically encoun- 


tered in landslide problems (500 psf to 1500 psf) there is little 
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difference between the strengths obtained from large in situ shear 
box tests and those obtained from 3 inches to 5 inches triaxial spe- 
cimens. The strength values of small intact specimens (1 1/2" diame- 
ter) are however substantially higher, which is mainly reflected in 
the cohesion values. Results similar to the ones obtained for Barton 
Clay were obtained for London Clay (Bishop, 1967). 

A representative structure is also influenced by distur- 
bances during sampling. Disturbances of the original structure 
during sampling are most significant in soft clays leading to sub- 
stantial reduction of undrained strength values (Skempton and Sowa, 
1963; Ladd and Lambe, 1964; Noorany and Seed, 1965). Effective 
strength parameters are very likely influenced much less by sampling 
(Skempton et al., 1969). Stiff intact clays are probably least af- 
fected by sampling disturbances. For stiff fissured clays the un- 
drained strength might be reduced during sampling (Ward, Marsland 
and Samuels, 1965), but if the clay is not too hard and brittle there 
might be little influence (Skempton and Larochelle, 1965). The effec- 
tive strength parameters are probably not sensitive to minor sampling 
disturbance (Skempton et al., 1969). 

A very important point in the assessment of the strength 
of a slope is the proper selection of samples from the zones of the 
slope which are relevant for its stability. Natural materials almost 
always show zones of nonhomogeneity either in terms of material or 


in terms of structure. If these zones are zones of weakness they ob- 
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viously influence the stability of the slope. Since they miaht 
represent potential failure zones, the strength alona these 
zones should be tested. 

Structural discontinuities have been classified by Skemp- 
ton and Petley (1967) into: 

a) Continuous shear planes: they are caused by large shear- 
ing displacements. c' = 0 and ¢' = OR ae a are the govern- 
ing strength parameters. 

b) Discontinuous shear planes (slickensides): they are caused 
by small displacements. c' = 0 and ¢' = b' neak are the 
governing strength parameters within such a zone. 

c) Joint surfaces: they are discontinuities along which no 
movements have occurred. c' = 0 and g' = B peak are the 
governing strength parameters. 

The characteristic strength parameters were obtained from shear tests 

along fissures and joint surfaces on several overconsolidated clays 

from England and on Siwalik Clay from the Mangla Dam project (Pakistan). 
Zones of weaker materials can be 

a) soft clay layers, or 

b) subsequently filled discontinuities. 

Structural discontinuities frequently exist within zones of weaker 
materials, particularly along the interface of soft and hard layers 
(e.g. Skempton, 1965 and 1966). 


The importance of discontinuities on the overall stability 
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of slopes has long been recognized throughout the world. Their sig- 
nificance has been noted for the slopes of large brown coal open pit 
mines in Germany (e.g. Schultze, 1956; Dolezalek and Duero, 1962) 
as well as for the slopes in open pit mines in the USSR (e.g. Popov, 
1948 and 1960; Komarnitskii, 1968). Peck (1967) pointed out the im- 
portance of old shear zones when he suggested that it might often be 
more relevant to ascertain whether we are in a slide area than to 
apply a sophisticated slope analysis. The importance of discontinu- 
ities on slope stability is illustrated by many studies (e.g. Esu, 
1967; Leussink and Mueller-Kirchenbauer, 1967; De Beer, 1969; Wol- 
ters, 1969; Duero, 1970; Kloiber, 1970). Some results from strength 
tests along zones of weakness in clays and mudstones are summarized 
in Table II.1. 

There are many reasons for the presence of zones of weak- 
ness. The zones of weaker materials can be either sedimentological 
features or caused by the subsequent filling of discontinuities with 
softer materials such as clays. Structural discontinuities can occur 
during shear movements which cause continuous and discontinuous shears, 
or aS a result of tension which causes joint surfaces. Zones of weak- 
ness are often difficult to detect by the usual sampling methods. 

It is generally easier to recognize the factors which cause discon- 
tinuities than the discontinuities themselves. Therefore the mecha- 


nisms causing discontinuities will be discussed in the following. 
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Landslides 

A great number of natural slopes in clays and clay shales 
have been affected by some kind of landsliding (e.g. Peck, 1967; 
Leussink and Mueller-Kirchenbauer, 1967; De Beer, 1969). Most of these 
Slides were combined with large displacements which resulted in con- 
tinuous shear zones. In addition to shear zones a series of tension 
cracks must be expected in failed slopes. 
Solifluction 

Continuous shear planes as well as discontinuous shears have 
been observed beneath post glacial solifluction sheets in South West 
England down to a depth of 16 feet. Solifluction sheets can be charac- 
terized by prominent lobal features (e.g. Skempton and Petley, 1967) 
but very often may not be indicated by any topographic expression 
(Weeks, 1969). 
Tectonic movements 

Tectonic movements (Skempton, 1965 and 1966; Esu, 1967; Wol- 
ters, 1970; Duero, 1970; Kloiber, 1970; Skempton and Petley, 1967; 
Hammon and Post, 1969) can cause continuous shear surfaces or shear 
zones which contain numerous slickensides as well as tension cracks. 
The strength reduction by interlayer slip during folding is particu- 
larly high along the interface of harder and softer materials, e.g. 
between soft mudstone and harder sandstone (Skempton, 1966). 


Bedding plane slip associated with anticlinal rebound in response to 


valley formation (Matheson, 1972 


Anticlinal rebound in response to valley formation can be 
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observed in river valleys cut into the generally flat lying strata 
of the North American prairie regions. Slip planes, probably due 
to bedding plane slip as a consequence of the anticlinal rebound, 
are noticible in several locations along the interface of softer 
and harder layers. However, strength tests along the slip planes 
were not performed. 
Differential compression of sediments 

Minor shear zones and slickensides are characteristic fea- 
tures in coal measure rocks and underclays all over the world 
(Schultz, 1958; Teichmueller, 1968; Best et al., 1970; Kloiber, 1970). 
They are probably generated by differential movements during the com- 
pression of these layers and the underlying materials. 
Glacial ice movements 

The effect of glacier movements on the underlying soil has 
been noted by Graftio (1936) for overconsolidated clays in Russia. He 
found continuous shear zones in soft clay zones which lay between har- 
der strata, and proposed that these soils had undergone a huge shear 
test during the movements of the glacial ice masses. In the prairie 
regions of North America contorted bedrock is a common occurence which 
has been traced to glacial ice movements (Bayrock and Hughes, 1962). 
Along the contorted beds, shear zones due to slip must be expected, par- 
ticularly in bentonitic beds. Bentonitic clay contains a substantial un- 
frozen water content at temperatures normally encountered in perma- 


frost. Therefore, in regions of permafrost, bentonite beds represent 
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20 
particularly weak zones when compared with the neighbouring solid fro- 
zen materials. They are most prone to failure under applied shear 
stresses. Backofen (1957) described slickensides in overconsolidated 
clays in northern Germany and referred them to ice movements as well 
as to differential movements between clay clusters during thawing of 


permafrost. 


Differential swelling of highly swelling clays constrained between 
non-swelling materials 


Differential swelling along the interface of non-swelling 
and swelling materials may provide shear strain large enough to re- 
duce the strength of the swelling zone along the bedding planes pos- 
sibly even to residual strength. This process must be considered very 
Slow, so that it might be impossible to observe it in the field. 
Sedimentological features 

Along the bedding planes of some clays, strength values 
have been measured which are lower than those in the adjoining clay 
mass, even though no prior deformations were indicated (Dolezalek 
and Duero, 1962; Komarnitskii, 1968; Esu and Calabresi, 1969). The 


reduced strength was mainly reflected in reduced cohesion values. 


1.2. Testing in a Representative Manner 
Strength test results can be greatly affected by the test- 


ing procedure, which should be done in a representative manner. 
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Differences in the orientation of the samples may result 
in considerable differences between the shear strength along a slip 
plane in the ground and the laboratory strength (e.g. Hvorslev, 1960; 
Uff and Nash, 1967; Esu and Calabresi, 1969; Conlon, Tanner and Cold- 
well, 1971). 

Strength test results can also be influenced by the rate 
of testing. Undrained peak strength values are particularly sensitive 
to rate of strain (Casagrande and Wilson, 1951; Bjerrum, Simons and 
Torblaa, 1958; Hvorslev, 1960; Richardson and Whitman, 1963; Skempton 
and Larochelle, 1965). The observed drop in strength with time to 
failure varies from material to material. Therefore, for a dependable 
Stability analysis, in terms of total stresses, the strength tests 
should be performed at the same rate at which the slope failure occurs 
(which is by no means easy), unless appropiate correction factors 
are determined and applied. 

Little information is available on the effect of strain rate 
on the effective strength parameters of clays. The influence of rate 
of strain on peak effective strength was reported by Bishop and Hen- 
kel (1957) on remoulded Weald Clay from England, as well as by Bjer- 
rum, Simons and Torblaa (1958) on a normally consolidated marine clay 
from Oslo, by Hvorslev (1960) on highly overconsolidated Wiener Clay, 
and by Morin (1972) on normally consolidated Champlain Sea Clays. 


Most of these investigations showed an influence of strain rate on ef- 
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22 
fective peak strength, however it was far less pronounced than for 
undrained strength. From consolidated drained tests on normally con- 
solidated Oslo Clay no influence of strain rate on effective peak 
strength could be detected (Bjerrum, Simons and Torblaa, 1958). Hvors- 
lev (1960), referring to some test results on highly overconsolidated 
Wiener Clay, suggested that the influence of strain rate on effective 
peak strength was more significant for overconsolidated materials 
than for normally consolidated clays. Results from drained constant 
stress creep tests on overconsolidated London Clay and normally con- 
Solidated Pisa Clay supported this theory (Bishop and Lovenbury, 
1969). 

Very little variation of effective residual strength was 
found in studies on Edale Clay from England (Skempton et al., 1969), 


and can be considered neglegible even for very slow rates of movement. 


2. Conditions for Progressive Failure 


Progressive failure is possible only in materials which 
Show an unstable stress-strain curve, which is indicated by a drop in 
strength from peak to residual at large strains (e.g. Haefeli, 1967; 
Peck, 1967; Bjerrum, 1967; Bishop, 1967). Bishop (1967) introduced the 


Sftucesr 


"Brittleness Index" [p= SF 


where sf and sy are respectively the peak and residual strengths. He 


suggested that the Brittleness Index might indicate the tendency of 
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23 
a soil to experience progressive failure. 

The present study of progressive failure will be limited 
to overconsolidated clays and mudstones only and does not deal with 
other materials, such as quick clays or loose sands. 

The problem of progressive failure will be considered only 
in terms of effective stresses. 

Strength loss can be expressed for overconsol idated clays 
and mudstones in terms of 

1) loss of cohesion c' only 
2) loss of cohesion c' as well as reduction of angle of 

friction 9'. 

Both kinds of strength reduction have been discussed in the litera- 
ture (as shown in Chapter I) and will be treated further in the 
following section. In addition mechanisms of apparent strength re- 
duction will be described, which if not recognized, can be misin- 


terpreted as strength reductions within a slope. 


2.1. Strength Reduction affecting Cohesion c' only (Softenin 
Softening is the mechanism which was first suggested to 
explain time-dependent strength decrease as it had been observed in 
slopes of overconsolidated fissured clays (Terzaghi, 1936). This 
mechanism has been somewhat neglected since 1964 but its importance 


became clear again after the reinvestigation of a large number of 
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24 
Slope failures in English clays (James, 1970). The reduction of cohe- 
sion can be explained by several processes which will be discussed 
in the following. 
Stress release causing opening of fissures (Terzaghi, 1936; Skempton, 
1948) 

Stress release causing opening of fissures and softening of 
the clay can start at the face of the open cracks. The softened ma- 
terial eventually deforms, a stress redistribution occurs and fin- 
ally the clay becomes a normally consolidated or "fully softened 
clay" (Skempton, 1948). The destruction of the original soil struc- 
ture results in a complete loss of the cohesion intercept. This sof- 
tening process is not dependent on large deformations within the slope 
before failure but is dependent on the presence of fissures and joints 


within the soil. The rate of softening is influenced by the type of clay 
and the climatic conditions. It is likely to be rather slow in gene- 
ral and noticible strength decrease can be realized only after decades. 
Softening due to displacements (Skempton, 1970) 

Skempton (1970) pointed out that in a soil subjected to 
shear movements two stages of strength reduction can be distinguished, 
a "fully softened condition" and the "residual condition". He ex- 
plained that 

"the displacement required to reduce an overconsolidated 


clay to the fully softened condition, or approximately to this con- 
dition, is several times greater than the displacement at peak 


strength, but is nevertheless not large, and is considerably less 
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25 
than that corresponding to residual strength. Moreover it seems pro- 
bable that when the strength has fallen to the fully softened value, 
or close to it, there is yet no principal shear surface but instead 
a complex of minor shears such as the Riedel thrust and displacement 
Shears (Skempton, 1966) which have not been linked into a smooth con- 
tinuous surface. Particle re-orientation will have occurred along 
these minor shears, as demonstrated by Morgenstern and Tschalenko 
(1967), but the effect of such a fabric is already built into the 
fully softened strength." 

This fully softened state of strength agrees well with the strength 
at the "critical state" in terms of critical state soil mechanics 
(Schofield and Wroth, 1968; Roscoe, 1967). 

Skempton's softening process which is caused by dilatancy 
during straining and particle orientation along minor shear is ini- 
tially quite different from the initial stages of Terzaghi-softening, 
which is mainly due to a destruction of the original clay structure 
by swelling. Prerequisite for Skempton-softening are displacements 
large enough to reach this stage of fully softened strength; these 
displacements are certainly larger than the deformations needed to 
open the fissures which represent the starting condition for the Ter- 
zaghi-mechanism. Skempton-softening is not dependent on the presence 


of fissures or joints; however, it might be reached sooner in zones 


with discontinuities than in intact materials (Skempton and Petley, 


1967). It can be imagined that eventually Terzaghi-softening becomes 


similar to Skempton-softening, when differential displacements 


Ce CUiins 


It should be noted that although residual strength values 
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26 
might be reached locally along the minor shears the overall strength 
along the shear zone is equal to the fully softened strength. 

As long as there is no continuous shear plane which develops only 
after very large displacements (James, 1970), the strength has 
not reached its residual value. 
Softening due to weathering 

The different processes of weathering such as slaking, 
freezing-thawing, oxidation etc. can cause complete destruction 
of the clay structure and a consequent loss of strength. Softening 
due to weathering is generally restricted to relatively shallow 
depths below the ground surface. The macrostructure plays an impor- 
tant role in determining the depth reached by weathering action 
(Esu, 1967). The thickness of the cover of softened clay was found 
to be greater in zones where the clay was more intensely jointed 
and fissured, e.g. in fault zones and where the slopes had been af- 
fected by a series of landslides in the past. The slides in weathered 
clays were described by Esu (1967) as 


"flows in which no definite surface of sliding seemed to 
exist and which occurred on very gentle slopes." 


The lower boundary of the sliding mass often coincided with the 

base of the cover of weathered clay (Esu, 1967; James, 1970; Ein- 

sele, 1961; Ringheim, 1964). 
Weathering in temperate and cold climates can be explained 


mainly by physical processes, which do not change the mineralogy of 
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27 
the soil and to a lesser extent by chemical processes. This is in- 
dicated by the fact that no marked variations in mineralogy have 
been noted in Italian clays (Esu, 1967) and most English clays 
(James, 1970; Spears et al., 1970). The Atterberg Limits show 
approximately the same values for weathered and unweathered clays. 
However, Chandler (1967) described different Atterberg Limits for 
unweathered and weathered Triassic silty mudstone from England. 
Moreover, a very substantial decrease of carbonate content due to 
weathering (from 20% to 1.7%) has been observed. 

Chemical weathering results mainly in the solution of the 
original cementing agents such as carbonates, or in the change of 
the chemistry of the pore fluid of the soil. Chemical weathering 
probably can reach larger depths than physical weathering. Effects 
of chemical weathering can be observed.in temperate climates to 
depths of more than 20 feet. 

The main physical weathering processes are slaking and 
frostaction. Slaking is defined as the disintegration of argilla- 
ceous materials upon cyclic drying and wetting. These processes sup- 
port each other, the one process creating joints and fissures which 
accelerates the other one. Rate and amount of disintegration due to 
slaking depend on the amount of swelling clay minerals and the envi- 
ronmental conditions. Slaking is a very severe process which 


causes a progressive destruction of the soil structure. The final 
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result may be a remoulded clay or silt. Under extreme conditions 
the final water content can reach the Liquid Limit of the soil. 
Field evidence of the softening processes 

Reduction of strength due to softening can be confirmed 
by field observations of first-time slides which failed at reduced 
cohesion and peak friction angle. James' investigation (1970) of 
about 90 cases of slope failures in English overconsolidated clays 
showed that the majority of first-time failures were failures at 
c'=0 and b'=$" peak . This study is consistent with strength decrease 
due to softening and suggests that softening is the kind of strength 
reduction which is most common in nature. Other well-known examples 
are the slides along the Panama Canal which were believed | 
to be first-time slides at residual strength parameters (Bjerrum, 
1967). Recent detailed investigations indicated that failure took 
place at c'=0 and 6'=8 peak (USCE, 1970). The decrease of the strength 
with degree of slaking was measured for a mudstone in the field by 
Hammon and Post (1969). They found that the final shear strength of 
the slaked mudstone had reached a value which was equal to the strength 
of the remoulded material. Leussink and Mueller-Kirchenbauer (1967) 
described a zone of weakness which had developed due to weathering. An 
originally compact shale changed to silty clay after the shale 


was brought ‘close to the ground surface. Strength tests showed 


that the effective cohesion had dropped to zero. In the investigation 


of the Devon Slide (Eigenbrod and Morgenstern, 1971) mudstone was 
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found in the back slope of the slide. Effective strength tests 
Showed a far lower cohesion value c' for partially weathered rock 


than for the unweathered rock. 


2.2. Strength Reduction affecting Cohesion c' and Angle of Friction $' 


A reduction in strength from peak to residual was noted in 
the field first by Gould (1960) and Skempton (1964). Gould explained 
the strength reduction by displacements associated with previous 
Slides or movements. Skempton suggested that some form of progressive 
failure must be operative to take the clay past the peak. He thought 
"that once progressive failure has started the average strength of 
the clay will decrease inexorably towards the limiting residual value", 
unless the slope has not failed before. Several of the many mechanisms 
which had been suggested to initiate this process will be discussed 
in the following. 

Local overstressing 
The mechanisms of local overstressing can be divided into 
a) stress concentrations 
b) nonhomogeneous stress distribution along the failure 

plane. 

Skempton (1964) suggested that cracks, holes and other imperfections 
in the soil act as stress concentrators which could force a clay to 
pass the peak at some particular point within its mass and thus in- 


itiate progressive failure. A similar mechanism was suggested by 
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Bishop in 1967. Duncan and Dunlop (1969) showed in a Finite Element 
stress analysis that local stress concentrations can develop in a 
slope where large horizontal stresses had been removed. Taylor 
(1948) pointed out the importance of nonuniform stress and strain 
correlations for the development of progressive failure in sands 
under both laboratory and field conditions. According to a nonuni- 
form stress distribution along a potential slip surface, a nonuni- 
form strength distribution results, which at some point within the 
soil mass might carry the soil past peak strength. Bishop (1967) 
discussed the effect of nonuniform stress distribution in more de- 
tail. He showed that | 

"as the effective stresses change in a slope (due to ex- 
cavation, construction of foundations, erosion, or rise in pore 
pressure under constant loading) the shear stresses along a poten- 
tial failure surface will rise in a nonuniform manner. If locally 
the shear stress or the ratio of shear stress to effective normal 
stress reaches the limiting value, local failure will result". 
This differs from Skempton (1964) who pointed out that once pro- 
gressive failure has started it will tend to reach residual condi- 
tions everywhere along the potential slip plane. Bishop explained 
that only further change in the load conditions will lead to a pro- 
gressive extension of the zone of failure along the potential slip 
surface, while within this zone, the shearing resistance will be- 
gin to drop from its peak to its ultimate or residual state. He 


believed that small further displacements which will be associated 


with a decrease in overall shearing resistance are sufficient to 
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“the whole surface into the peak and post peak state. Com- 
plete failure will then have occurred and the strength at all points 
will lie between the two limits of the peak and residual states." 
Conlon (Peck, 1967) also proposed that the peak strength cannot be 
mobilized simultaneously along the surface of sliding. He pointed 
out that the influence of a nonhomogeneous stress distribution 
might be augmented since brittleness decreases with stress level. 

At low stress levels peak shear strength will be reached after 
smaller displacements than at higher stresses. Conlon further pro- 
posed that due to fissures in a clay and consequent variable compres- 
Sibility differential strains may occur along the surface of slid- 
ing, thus increasing the chance of progressive failure. Bishop 
(1970), however, pointed out that nonhomogeneous stress distribu- 
tion and hence progressive failure is not dependent on joints or 
fissures. 

Leussink and Mueller-Kirchenbauer (1967) described a non- 
uniform shear stress distribution along a predetermined sliding 
plane which consisted of a soft clay zone of varying thickness. It 
was suggested that in the thicker regions of the clay layer, a 
given displacement along the sliding plane caused smaller differen- 
tial shear movements and hence mobilized lower shear stresses than 
those in the thinner parts of the clay zone. 


Nonhomogeneous stress distribution and hence nonhomogene- 


ous mobilization of shearing resistance has been described by 
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Krsmanovic (1967) for jointed rock masses. He pointed out that the 
distribution of normal stresses along the potential failure plane 
depends on the magnitude of the shear deformations and is constant- 
ly changing. 
Stress release 

It is well known that a release of horizontal stresses can 
lead to failure within a soil mass (Terzaghi, 1936; Skempton, 1948). 
Duncan and Dunlop (1969) showed by using the finite element technique 
that excavations in a highly overconsolidated soil with high Ky values 
and consequent release of horizontal stresses causes the soil to 
reach failure locally. This nonhomogeneous stress distribution was be- 
lieved to initiate progressive failure. Yudhbir (1969) suggested 
that K, unloading, resulting from unloading of vertical stresses, 
would also lead to failure conditions within the ground and carry the 
soil past its peak. Both mechanisms imply that very little deforma- 
tion would lead to strength reduction. Christian and Whitman (1969) 
tried to illustrate the effect of horizontal stress release by de- 
veloping a theoretical model for the progressive failure of a single 
layer bonded to a rigid base. Elastic, plastic, and strain soften- 
ing behavior was considered for the bonding between the layer and the 
base. They found that even for slopes with high factors of safety in 
terms of residual strength, there is likely to be extensive propa- 
gation of a failure surface, which depends to a high degree on the depth 


of the excavation. This result would suggest that the development of 


- ' : ie | A) eae ‘ 
pris sale 300 batho oe - e9eaiit sisi sdoabe (nen. 


phat, aie! tet. sfgaatog ait ‘prot aszastite | 


-siiseneo wt bar. ‘no samibtals ead? ais! We SbusT 


i eoaderte Tedn AON tron See Sema / ay) & Ser nord a ar a: 

tener. pore ‘a8 ge er cigasioT) Beam iiwie 5 icatle anata 

-aupiniost Jeansis stint? add pokes aa bSwore, (ene) sient te 

esulaw 9 dohd Atiw fhoe’ bétebt foenoayayo: ‘eile B fhe | 

fad, Troe. ony ects abeee oi i (ednos 40d sh e6oen 2 

sod aa Hotivdl seth sognte 2008: napoinaitaor aan sal ot FP 

het eavieil2 (ROOT > FAY sul Tet) ov FaesrBeNG, moma 194 

peeeasns2 Sy OT tray 0 prtbeortw (not pois tues y | . 

— BAT wrrao ‘brs. bittionp ens: ’ iets EW 2natfbn09: outta ‘et ait 

~emrotab afta! vTsy +d 2 wiquit zine yea 08 Fe | ast 

(ar) ned HAW tyr matte tad. noi Subar Apna oat | : 

8b. vd s26g! bs gains ‘ediiost oil 0. ost ot ate re | 

| atipnte &.- a sulin! svtadonoong ari Tot" fsbow Feo ed or’ aot 9 : 

net hoe niente ti siszetg oiteela soca bipty 1 eaiahie : hy a | 

ont bis touet ote neswiad potbinad aiid A bese anos nae 

Hae itt yoter Yo eva at Api sid i eoqore AGT AO stentt foro ya vee 
. eae ay hemmed Ks sd) ‘os yah. at ssi neti Aoubi adh Ye. amady 
Ay tga ait ao astnsb Api 6 oF abnagah Aol 308 earl bet se nore 
| = fsgot avs ont igang insane bhiow #tuge® sar not Feveons (ant to. 


33 
a failure surface does not necessarily cause failure of the overall 
slope. The analysis however is based on a simplified stress-strain 
curve which shows an abrupt drop in strength from peak to residual. 
Yielding and residual strength values in this case can be reached 
after displacements which are only slightly larger than displace- 
ments for peak strength. This behavior is certainly not true for 
real soils (James, 1970; Skempton, 1970). The analysis further im- 
plies that failure takes place just along the interface between 
layer and base. This assumption of an infinitely narrow failure zone 
is definitely not valid for a natural material. The development of 
a zone of failure in clays and the resulting stress redistribution 
is much more complex (Skempton, 1966; Morgenstern and Tchalenko, 
1967). 
Bjerrum's mechanism (1966) 
Bjerrum's mechanism is based on three main conditions: 
1) unstable stress-strain curve 
2) local stress concentrations on the foot of a slope 
3) large movements due to release of locked-in strain 
energy. 
The importance of large movements for carrying a soil beyond peak 
was well recognized. In order to induce large movements Bjerrum in- 
troduced the concept of "release of locked-in strain energy". It was 
suggested that the release of stored energy occurs during the de- 


struction of diagenetic bonds due to weathering. This causes large 
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volume changes and hence large movements adjacent to restraints. 
It appears however, that the large volume changes due to weathering 
are mainly the result of outside energy rather than the release of 
“stored energy". Processes such as slaking break down the clusters 
in which clay particles are bound together (Balasubramonian, 1972), 
thus increasing the effective surface area from a relatively low 
value for the clusters to the far higher value of the surface area of 
the actual minerals. An increase in surface area is equivalent to an 
increase in swelling potential. 
Overstraining 

James (1970) suggested that very large movements (in the or- 
der of several feet) are pre-requisite for strength reductions in a 
Slope from peak to residual. His proposal was based on the investiga- 
tion of more than 90 case histories and on Lovenbury's investigation 
(1969) of longterm creep in which was found that there is no way to 
by-pass the peak. Skempton (1970) proposed that the post peak beha- 
vior is composed of two stages: 

a) the fully softened stage 
b) the residual stage. 

The residual stage is thought to be reached after very large strains 
when a continuous shear surface has developed. Consideration of two 
stages for post peak behavior agrees well with Wroth's tests (1958) 


on randomly packed steel balls in simple shear. He could differenti- 
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a) the strength at the critical state 
b) the final strength value after very large displacements, 
which correspond to a development of regularity of 
packing in the material. | 
Comparison with field evidence 
The mechanisms, which were suggested to reduce c' and ¢', 
have been well established on a hypothetical basis, but not by any 
Single unambiguous field case. Bishop (1971), however, believes that 
a nonuniform mobilization of strength from peak to residual along the 
slip surface might also account for known cases of first-time failure. 
He showed that when assuming a nonuniform mobilization of shearing 
resistance as proposed by Conlon (Peck, 1967) slope failures could be 
explained, which also had been interpreted in terms of c' = 0 and 
Pema yiced = $ peak: His examples, nevertheless, do not appear unam- 
biguous. On the other hand there are well documented cases of land- 
slides in soils with unstable stress strain curves in which the ave- 
rage shear strength mobilized at failure was close to peak. If non- 
homogeneous stress distribution had initiated progressive failure 
and consequently had caused total failure of the slope, then the 
strength along the slip plane should have been mobilized nonhomoge- 
hesus 195 indicated by an average shear strength at failure less than 
peak (Turnbull and Hvorslev, 1967). Other cases, which throw doubt 
on the importance in practice of the concepts of nonhomogeneous stress 


distribution in a slope, are the observations of high, steep slopes 
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in overconsolidated clays which had been found stable for many 
decades, even for centuries. Failures were observed only along zones 
of weakness. Stable slopes in Italian clays have been described by 
Esu (1967), in English clays by Burland (1970) for Oxford Clay and 
by Best et al. (1970) for Ball Clay. Many stable slopes may also be 
found in Cretaceous clays of Southern Alberta. Nonhomogeneous stress 
distribution certainly occurs in these slopes and in some cases has 
even caused local failures (Burland, 1970), but it has not lead to the 
overall failure of the slopes. It should be noted that the above obser- 
vations were generally reported for slopes in low plastic clays (mainly 
Kaolinitic clays), where Bjerrum's mechanism would not seriously effect 
the overall strength of the clay. De Beer (1969) described slopes in 
canal cuts in Belgium which generally are stable, many years after con- 
struction, and which were designed on the basis of peak strength para- 
meters. Slides occurred only in locations where previous sliding sur- 
faces existed. Bjerrum quoted a number of case histories of landslides 
which purported to prove his concept, but a closer reinvestigation of 
these and other cases showed that the slides were either slides along 
a pre-existing failure plane or failed at fully softened strength pa- 
rameters. The Seattle Freeway slides, the Sandnes Slide, and the Volga 
slides, as well as the slides near the South Saskatchewan Dam, the 
slides reported by Einsele (1961, 1964), and the slide at Jackfield 


have been clearly identified as slides along pre-existing failure planes. 
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37 
The East and West Culebra slides have been recognized as failures at 
softened strength conditions (USCE, 1970), which possibly were de- 


layed by slow pore pressure equalization. 


2.3. Apparent Strength Reduction (Delayed Pore Pressure Equalization) 


Delayed pore pressure equalization (Bishop and Henkel, 1953) 
is a common reason for delayed failures of cuts in clays and mud- 
stones. This phenomenon has caused many false interpretations of 
delayed slope failures, which have been referred to some kind of 
progressive failure. Only recently, due to improvement in piezome- 
tric installations has this mechanism been observed in the field. 

For example, the recent reinvestigations of the slides along the 
Panama Canal revealed pore water pressures which are still bel oi the 
canal water level, 70 years after excavation (USCE, 1970). De Beer 
(1968) has also observed negative excess pore pressures in cuts in 
Boom Clay (Belgium) and Wood (1971) in coastal slopes in English 
clays. 

In a numerical analysis the time for equalization of nega- 
tive excess pore pressures caused by slope excavations was calculated. 
For 100 feet deep excavations in clay shales steady seepage conditions 
were found to be reached after 50 to 500 years, depending on the per- 
meability of the ground. It was very interesting to note that the 
time delay of slope failures, commonly observed in London Clay, 


agrees well with the analysed time for pore pressure equalization in 


comparable slopes. 
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CHAPTER III 


ENGINEERING CLASSIFICATION OF INORGANIC, NONCALCAREOUS, SEDIMENTARY 
MATERIALS 


1. Outline of the Problem 

The fine grained inorganic, sedimentary materials are the pre- 
dominant sedimentary materials in the earth's crust (Pettijohn, 1957). 
Because of their grain size and the complexity of their clay mineral 
fraction they are among the most difficult materials to completely 
analyse. Wide differences of opinion exist with regard to their classi- 
fication and identification. Underwood (1967) stated: 

"The geology literature shows that the terminology used to 
describe the entire group of argillaceous sediments is not standar- 
dized, and, consequently, numerous inconsistencies have developed in 
the classification and nomenclature of shales and related materials." 

Some authors designate the term shale to all argillaceous se- 
diments including claystone, siltstone, mudstone, and marl (Krumbein, 
1963; Ingram, 1953), whereas others designate the larger group as the 
mudstone or mudrock group and classify shale as a member of it (e.g. 


Twenhofel, 1937; Mueller, 1967). Twenhofel's classification system is 


defined in the following manner: 
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unindurated indurated after incipient metamorphic 
metamorphism equivalents 
Muds tones 
Site Siltstone 
Na eee Slate 
+H0=Mud +fissility=Shale fAeArgillite —» Phyllite 
Bia Schist 
Clay Claystone 


The boundaries between unindurated, indurated, and incipient meta- 
morphic mudstones are of no primary interest to geologists and there- 
fore have not been clearly defined. 

For engineers, however, this distinction is important, be- 
cause engineers tend to divide the materials that constitute the 
earth's crust into two categories, soil and rock. 

"Soil is the natural aggregate of mineral grains that can 
be separated by gentle mechanical means. Rock, on the other hand, is 
a natural aggregate of minerals connected by strong and permanent co- 
hesive forces. Since the terms 'strong' and 'permanent' are subject 
to different interpretations, the boundary between soil and rock is 
necessarily an arbitrary one." (Terzaghi and Peck, 1967) 

For boundary materials, such as mudstones and related materi- 
als, this differentiation is particularly ambiguous. For example, a ma- 
terial like Bearpaw Shale from the Great Plains in North America, 
which is very similar to some varieties of Oxford Clay from South West 


England, is called in North America a compaction-shale or clay-shale, 


while in the U.K. it might be called a heavily overconsolidated clay 


(e.g. Morgenstern, 1967). 


The importance of the degree of induration of fine grained 
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inorganic sediments has already been rated by Mead (1936), who sepa- 
rated shales (as he named mudstones and related materials) into two 
groups: 

1) Compaction Shales, with little cementation 

2) Cemented Shales, with significant amounts of cementing 

action. 

Compaction shales slake and disintegrate when acted upon by water sub- 
sequent to partial or complete drying. Well-cemented shales do not dis- 
aggregate when placed in water after previous drying. He realized, how- 
ever, that there is no sharp line of demarcation between these two 
types of materials. Mead suggested that slaking tests might throw much 
light on the nature of a shale. 

The most complete presentation of the problem of classifi- 
cation and identification of mudstones from an engineering point of 
view has been given by Underwood (1967). He attempted to develop a 
classification for mudstones based on their engineering properties, 
but had to admit that a completely satisfactory engineering classifi- 
cation for shales could not be given because available data on engi- 
neering properties of mudstones were imprecise and testing methods 
were not standardized. 

A satisfactory engineering classification and identifica- 
tion scheme is needed because of the many difficulties encountered 
when dealing with mudstones. Slope stability problems, heave and 


swelling and low durability to weathering are characteristic pro- 
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42 
blems associated with these materials. Thus it is of interest to deve- 
lop a system of classification that is based upon tests, which provide 
information on typical engineering properties and furthermore bear on 
the characteristic problems. This classification should be based on 
simple engineering properties which can be measured quantitatively 


within a reasonable period of time and hence are objective in nature. 


1.1. Engineering Properties 

Very detailed discussions of the significant engineering 
properties have been given elsewhere (e.g. Underwood, 1967), and thus 
only a short review of the most important properties will be presented. 

The compressive strength of mudstones ranges from less than 
25 psi for weaker compacted sediments to more than 15 000 psi for well- 
-cemented mudstones. Unconfined compression tests are rather easy and 
fast to perform but the results are dependent on many factors, such as 
Sample size, strain rate, and degree of drying and wetting. Effective 
strength parameters would be more characteristic properties for many 
mudstones, however, the tests are quite time consuming, expensive and 
not very simple. 

The modulus of elasticity is often of concern, particularly 
for foundation problems in mudstones. The moduli vary from less than 
2000 psi for overconsolidated clays, such as Bearpaw Shale, to 2x10° 
psi for well-cemented mudstones. Such a large variation of values is 


certainly desirable for classification and identification. The moduli, 
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43 
however, depend on too many igctors, such as sampling, discontinuities 
within the sample, degree of weathering, testing, interpretation of re- 
sults, to provide unambiguous information. 

The natural moisture content of mudstones varies from less 
than 5% upwards to 35% for some of the more porous sediments. The na- 
tural moisture content reflects the degree of induration of the sedi- 
ments, but also indicates the state of weathering and deterioration. 
The moisture content is usually greater in weathered zones and broken 
zones than in zones of Geaavaren and intact material. 

The permeability of mudstones is very low, and thus very dif- 
ficult to determine. It is not well suited for classification purposes. 

Swelling properties of mudstones are very important for the 
design of many engineering structures. Swelling is characteristic of all 
argillaceous sediments. It depends mainly on the percentage and type of 
clay minerals present. The determination of swelling properties is usu- 
ally done by measuring the swelling pressure which develops when no 
volume change is allowed. These tests however are very time consumina 
and thus not very well suited as classification tests. 

The Atterberg Limits have been found very useful for classi- 
fication of fine grained soils. They also provide valuable information 
for the more soil like mudstones; however, for the harder,cemented mate- 
rials the determination becomes more problematical and the results more 


ambiguous. 


Grain size has been used successfully in the classsifica- 


“eatatunttaasat® venilgnes 28. dove: selotont ‘pin! + ne 
| 1 to nnheetonapairnt sbaitent «onbrettan TO: sondéb: ( +n 

fe Re Sete ee ofS emvorit essere sition 6 he 
| 208! went. aistnnay zenogebun to tesnos snub ‘Fete aff 4 _ 
a “0 Sit. 2dmani Boe. auboq eNom ont th. Snioe! vot Ree. od: brew 3 
a tbe ang Fo NOE eeiibitt Fe sera eit agro Ttar, Inadnaa sruseto 


a 
By aR ve 


By", Jnattsroirstsh bie paiveniaen 3 to Stabe) as eotentbol, an a 2 


ue nsilone bre. 2snos ‘hevadsaow nt yet6e 1 oe ialeu eh inest 
| | | | ts adem doesnt Bris bors Su Fo om | 
¥ ah wey, aunt — «WO see 2+ pancdabi Fy att diag ott 


Lowe toz0qwua noteattt 22612 or boviye ita ton. at: oe coma 


ofts sot Inet oo wav: 9716 ends obo Ao: 20it4 gong: 


Me to attaiwrasysdo Bt pai ffowe. eomigauite: asta pm om 
ae te ont brs. spatne: 2199 arid. no vinkem ‘eboagab’ a anon # 
a : wa cu ot Seay pnt hi swe 70) noftantinetes aft. anhaeva a 
| on dati znofaveb AotW: eiuezang Fae ont bain ! 
eavtmsno iil Nid 18, {SV WOH 2tdas eatt Nia ott av i . 
a ; PG. wey athens not ttgesto 26 bod hie Haw way 300 mi | 
‘a sieasts: a) futogw raw Anwots fasd aya a4 toh rativsd ak it 


“patdemarar aftbutsy atihvons, pete year ice bontere, ont 0 mao 
ia) rig) xo COVEN azonodzbiin, etl) frog som eee 
20 » afuton on bn iso ie S100 ‘2oneaed olden | 


7 = | f 
: oa) “ih + i os bia Viet : a i 0 oa ue - Ne is ' 
i : mee iad ne ; ny a oo ; nw ' a) oS : ms aL aC ay wi f 
e4 ee Pda ; é ei ~ " ee 7, os 7 
i ae inns a 
yy ol 
oe. a ; 


ae ssotheeest ott i “elutes baru nse 2st 


ener 


a 


44 


tion of medium to coarse grained soils and to some extent for the 
fine grained soils. The more indurated mudstones, however, have to 
be ground down for a grain size determination and therefore the re- 
Sults describe the powdered material rather than the original mud- 
stone. 

Most mudstones disintegrate readily upon cyclic drying and 
wetting. This disintegration process is generally called slaking. Se- 
veral slaking tests have been established, which provide some quanti- 
tative information and can give a rough idea of how rapidly a shale 
will deteriorate on an exposed surface. 

When mudstones are immersed in water they slowly lose some 
portion of their strength. Ordinary soils behave somewhat differently 
since they disintegrate rapidly when immersed in water. Based on these 
observations, a distinction between soil and rock has been suggested 
(Nakano, 1967). 

A method for measuring water softening quantitatively ap- 
peared very attractive for an engineering classification as well as 
for an understanding of some aspects of progressive failure. Since 
water deterioration is an important characteristic engineering proper- 
ty, a quantitative study could well distinguish the more troublesome 
materials. Practical applications of such a study would be e.g.: 

1) in longterm excavations, to predict strength changes 


and hence changes of stability with time 
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2) for surface durability considerations, e.g. of canal walls, 
above the water table as well as below the water table, or 
of tunnel walls 
3) for the design of fills: selection of materials and degree 


of compaction 


4) for the design of waste pits or tailing dams (resistance to 


weathering) 


5 


~— 


for the design of dams to find out how the fill materials 
change with time. This is important to know e.g. for the 
selection of materials for filter layers, or surface pro- 
tection. 
In addition a correlation between water softening and landslide acti- 
vity for mudstones has been indicated (Nakano, 1967). 

Hence tests were developed which measure the water deterio- 
ration of mudstones on the basis of 

1) softening 


2) slaking. 


2. Water Deterioration Tests 
2.1. Standard Compression Softening Test 

It has been noted that mudstones remain intact when kept in 
a moist environment (e.g. Hamon and Post, 1969, for Shales from Java; 
Underwood, 1961, for Pierre Shale from South Dakota, USA) or when 
they are immersed in water at their natural water contents (Vaughan 


et al., 1967, for carboniferous shales from England; Nakano, 1967, 
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46 
for Japanese mudstones; Nordquist et al., 1967, for Mancos Shale from 
Utah, USA). On the other hand, ordinary clay soils swell and disin- 
tegrate rapidly when placed into water at their natural water contents. 
Mudstones, which were immersed in water, were also found to swell slow- 
ly, decreasing in bulk density and strength (Nakano, 1967). The rate 
of reduction of the bulk density is, however, far slower than that for 
a clay soil. Once a mudstone is only slightly dried or mechanically 
disturbed, it disintegrates rapidly in water. Nakano (1967) found for 
several Japanese mudstones that drying in 94-97% humidity was enough 
to initiate disintegration. Balasubramonian (1972) squeezed pore water 
out of Bearpaw Shale by applying an allround pressure of 3000 to 4000 
psi, thus reducing the natural water content from about 30% initially 
to about 26% after squeezing. When immersed in water the squeezed spe- 
cimens readily fell apart. Based on the different water deterioration 
characteristics of clay soils and mudstones Nakano (1967) suggested 
the following definitions: 

"Clay soil is a material which is composed mainly of clay- 
fraction and is easily weakened, reducing its strength almost to zero, 
when the material at its natural water content is immersed in water. 
Mudstone is a material which in the same case keeps its original state 
and whose strength hardly decreases." 

This classification is still rather crude and the limit be- 
tween the two groups rather arbitrary. However, the idea of classi- 


fying and identifying according to the loss in strength with time is 


attractive, because: 
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1. the time dependent strength loss is a very significant 
and typical engineering property of overconsolidated 
clays and mudstones; 
2. a differentiation between soils and rocks is important 
for many engineering design problems; 
3. compression tests are simple to perform. 
In order to develop a more refined classification based upon soften- 
ing tests, the loss of compressive strength with time of immersion in 
water has been investigated for various materials ranging from overcon- 


solidated clays to well-cemented siltstones. 


2.1.1. Test Procedure 
2.1.1.1. Sample Preparation 
Samples were obtained from cores with diameters varying 
from 1.2 to 5.0 inches, and from block samples which were at their na- 
tural water content and were disturbed as little as possible. Cylin- 
drical specimens were cut with the ratio of height to diameter equal to 
two. 
Sample preparation at natural water content was done 
a) by coring for hard, indurated mudstones, 
b) by sawing and consequent sanding, when the material was too 
hard for carving and too little indurated for coring, 
c) by carving with a knife, when the material was soft enough. 
Sample sizes varied between 2.0 inches and 0.6 inches diameter, de- 


pending on the size of the original core, and on the fissility of the 


i ae ‘sansa’ a, hoot ‘bn: ation debuted | noite: t 


voy SF ee oe aa i" : ‘ Fal es 


<A a aan 2 seatlidone nptasb pein nvhe 
| triobaag ps atone! Ea seat hofe atin 
ae  enettee MOSH beaad noitsat tte ets banttey ey lav a 


ot nOtenankat +0) sunt eit eu d2onante suteeamiion oO 


| itopyove mao eaten’ atstyaai auorey vor batebideavnt mas a 
: . 201105 aati f2 = tenant 8 AYO 


_priessy evan ro itv 297109 nov beutard ane, E 


sa veer $8 otgW aid eaten, Asai chest 4 bas ‘i ue 


(on ot Faves ysl fe sigiaa, 10, ote, ait ae iu 
i“ re oN , 
| ) | ' Le : ; hw : “J 


Ls 1 Pe Re He i er vated ae aN Ge 
oi. - bt bal sisal ofl? ‘ose eaeitbnss aseupauina! ne P iwse 
‘a c : aenitoD. 4aT batenubnt ofstit ods ‘bmg pe sale i 
’ 7 "siavona, toe aw tatrotem ong va St Y fit’ wibvie ae 
if 7 Bb prevomitd zbiloni @, a baie. eadani Ge, nid me 

ae to i ttear ant io as 2100) paper, old oO a 7 | 


48 
material (See Table III.4.). Samples which were taken from cores with 
diameters of 1.0 to 2.0 inches were kept nearly unchanged in order to 
minimize disturbances. Core-samples with diameters of 3.0 to 5.0 in- 
ches were sawed into smaller pieces from which specimens of 1.0 to 1.5 
inches diameter could be obtained when the samples stayed intact and 
did not fall apart. From materials which were fissile only rather small 
samples could be prepared (See Table III.4., Material No. 6). From very 
hard materials which had to be cored, specimens of 1.0 inch diameter 
were obtained. This size appeared convenient to avoid most joints and 
thus to obtain a maximum number of intact specimens. 

Softened samples were prepared in the following manner: 

Materials, in which no visible softening had occurred, were 
tested without further treatment. For materials, which had only 
slightly softened without visible change of shape, the surface zone 
was scratched off and the height to diameter ratio was controlled and 
corrected when necessary. When nonhomogeneous softening had occurred 
and the original shape had changed after parts of the sample had disin- 
tegrated, the samples were recarved with a knife in order to obtain re- 
gularly shaped specimens for the compression tests. During sample pre- 
paration disturbance was minimized by cautious handling and by excluding 
obviously disturbed zones within the material. Drying was minimized 
by preparing the samples in a moist room. This was not always possible, 
e.g. when the specimens had to be cored, sawed, and sanded. The 


samples were exposed as little as possible and protected with Sarane 
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wrap immediately after the preparation was finished and brought 
back to the moist room. During coring minimum drilling water was used. 

The specimens were generally oriented in such a way that 
axial load was applied vertical to the bedding planes. Although intact 
samples were used during the tests, separation sometimes occurred along 
bedding planes. These discontinuities were found not to affect seriously 
the compression strength results under the chosen test conditions. How- 
ever, the softening process was clearly accelerated by joints and 
fissures, and therefore broken specimens were not used for the soften- 
ing stages. In order to obtain the most homogeneous and least disturbed 
samples a variation in sample size could not be avoided. It was found 
that variations in sample size did not affect the results more than 
other factors, which could not be controlled, such as variability of 
material from sample to sample and nonhomogeneities within the speci- 
mens. This can be seen by comparing Materials Nos. 1, 2, 3, and 4, which 
contain only specimens of constant size, with the remaining materials 


where variable sample sizes had to be used. 


Corel eS cing 


The samples were prepared at their natural water contents 
and were either tested immediately in a compression test at their natu- 
ral water content or immersed in distilled water and after some dura- 
tion of softening were tested in compression. The water content was 
determined for each material during sample preparation, and for each 


specimen after it had been tested in compression. The number of speci- 
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mens tested for each material depended mainly on the amount of mate- 
rial available and on sample loss during preparation. It was consi- 
dered desirable to test at least 6 specimens at their natural water con- 
tent and about 4 specimens of each at about 3 stages of softening (See 
Table 411 I 4...) : 
a) Compression Test 

The compression tests were generally performed at a confin- 
ing pressure of 50 psi and a strain rate of 0.014 inches/min. The con- 
fining pressure of 50 psi was low enough to work with comfortably, but 
high enough to decrease substantially the influences of jointing and 
fissuring in soft and easily breakable materials. Even when dealing 
with badly broken materials, such as Bearpaw Shale, surprisingly con- 
sistent results could be obtained for comparable specimens (See Table 
III.4.). The specimens usually failed within 5 minutes for the hard, in- 
durated materials and 15 minutes for the weaker materials. For some very 
strong materials, where the failure load exceeded the load capacity 
of the available testing arrangement, a hydraulic compression machine 
had to be used, where no confining pressure could be applied. However, 
the applied axial stresses of more than 1000 psi are very high compared 
to the confining pressure of 50 psi, so that it appeared permissible 
to compare these data with the remaining test results. 
b) Immersion in Water 

The specimens at their natural water contents were placed 


into glasses filled with distilled water, and left there for some time. 
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5] 
The time of water immersion was recorded for each specimen. The poorly 
indurated materials softened very quickly and lost about 90% of their 
original strength within a few hours. For these materials the loss in 
strength due to softening had to be tested at hourly intervals. For 
example, for Gault Clay (Sample No. 10) compression tests were per- 
formed on samples which had been immersed for 1.0, 2.5, 4.0, 4.5, 6.0, 
7.0, 8.0, and 10.0 hours. Other more indurated materials showed measu- 
rable loss in strength only after days and approached a final strength 
value after weeks. Here it was sufficient to measure the strength loss 
due to softening at daily intervals. A third group of materials dis- 
played a measurable strength loss only after weeks and reached a final 
softened stage after months. The strength loss was measured at weekly, 
or even monthly intervals. To find out the range of time for softening 
the softening study was started for each material with only a few 
samples. After it was clear whether the softening happened within hours, 
days, or weeks additional specimens could be conveniently added. The 
tested materials are described in detail in Tables Nos. III.1., III.2., 
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2.2. Quantitative Slaking Test 


The disintegration of mudstones upon alternate drying and 
wetting is generally called slaking. As noted previously Nakano (1967) 
observed that drying in 94% to 98% relative humidity is enough for 
some mudstones to start slaking and that mechanical disturbance also in- 


itiates slaking. Therefore it was concluded that mudstones may easily 
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52 
deteriorate within the zone of fluctuating water vapor pressure or 
fluctuating groundwater level and within geologically fractured 
zones. 

The slaking of dried mudstones has been explained by Terza- 
ghi and Peck (1967) as being due to the tension produced by air in the 
voids of the dried mudstone. Nakano (1967) compared the slaking process 
of mudstones slaking in atmospheric pressure and of mudstones slaking 
in a vacuum. He found no substantial difference between the two cases 
and concluded that the main reason for slaking of dried mudstone is 
probably not the tension, produced by entrapped air, as Terzaghi and 
Peck had suggested, but some physico-chemical action. It also can be 
observed that mudstones containing large amounts of highly swelling 
clay minerals do slake more severely than mudstones which contain less 
swelling clay minerals. Because the physico-chemical properties are 
highly dependent on the surface area, it would appear that the degree 
of slaking, that a mudstone displays, is also reflected by its surface 
area. Thus surface area measurements would be a quantitative slaking 
index, too. 

Surface area measurements are based on the property of clay 
minerals to attract bipolar molecules, such as nitrogen, ethylene gly- 
col, glycerol, water, etc., to their surface (Brunauer, Emmet, Teller, 
1938; Emmet, 1942; Brunauer, 1942 and 1943; Nelson and Hendricks, 1943; 
Mooney, Keenan, and Wood, 1952; Brooks, 1955; Diamond and Kinter, 1956; 


Shoemaker and Garland, 1967). Under certain conditions a monomolecular 


| ate analydds. Jef9poyd in 2 ‘doue .2otusefoin vetoatd taste of @ ; a ; 


8 | ewe A Byrn 
ere. voRsy rode ont Seudoul to anos. on: 
“bowias? ieataotone aia tw bre fovel : 


} 


re 


A 


2290014 enilel'2 aig Selanne ‘(sant ‘ onptsh ob bal ails % 


fi =) 
ed) ‘ s 
: ’ 


“oniiere 2anod 2bun Fo brs seed otvengeomss: wi, bien z0n0$2b 
_ 28289 owt add naswied gonerstttb istanesede on bauer on 


at endtaburn saith to unhishe sot noeasy. atsm its edd veto 


: bns HigeseT 26 «Vis bosdsytas yd beauborq enorenss ae von ve 
1" ais 69 oats $I snotios Fst manta oo Feyng moe, dud, ; sat = 


patton: idee nt to adnuotiis spiel entntstnog, aanoszbun sat ira : 


eal, fhetvoa lo haw esos abun mart? visveveg, stom omnte st: is 


a6 AE ai f sainela-o9F tg any 92ug098 | vet 


a Mats 


“s97g9b aid fits nesqqs biuow $f. “e9%n wostwe, silt 16. Inabnsqeb y 
soptwe at ia Rete ate. Bf “26 [ garb anoset ak 


gniaere ovistisnmp § 90 biuow eee . ids 


rae nea 


| . al fia ; i" - 1808 o 
Nel 2 to: xsr9cord ait no beasd. a6 2hnanpqweeon ‘ens ou. 


AOTTET , tone avers) soetue viet oF siete cits or 
deter e2aStybaat bas nozish eener brs gher seus! Shee Some ¢ 
al ae bing aaah eee e2Hoone Seer he ie bet NEnaa ge 


53 
layer will be absorbed to the clay surfaces. From the weight increase 
resulting from the absorbed molecules, the total surface area of the 
clay minerals can be computed. However, the standard methods of surface 
area measurements use powderized materials and cannot be applied to in- 
tact mudstones. At the outset of this study an attempt was made to de- 
velop a method by which the surface area of mudstone could be measured 
for intact materials and at various stages of slaking. Surface area 
measurements were made at first using the absorption of bipolar gases, 
with a molecule small enough to pass through the voids of the mudstone. 
The degree of absorption to clay surfaces could be determined by compar- 
ing the amount of gas retained for materials which had been exposed to 
bipolar gases and for materials which had been exposed to an inert 
gas, such as Helium. It was found, however, that for intact materials 
at room temperature the amount of gas absorted on the clay surfaces 
was very small, when compared to the amount of gas retained within the 
pores of the samples. The procedure was abandoned in favour of absorp- 
tion tests with water. Water molecules are highly attracted to clay 
minerals. However, the thickness of the absorbed water layer cannot 
be controlled easily, so that the surface area cannot be determined 
directly. Only relative values can be obtained. The increase of water 
content with the number of drying ana wetting cycles was measured un- 
der controlled conditions. In spite of the relative crudeness of the 
test, the results obtained appeared promising, and thus the water-ab- 


sorption test was adopted as a test for measuring quantitatively 
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Slaking of clays and mudstones. 


2.2.1. Test Procedure 
2.2.1.1. Sample Preparation — 
Cylindrical samples were cut: 
a) by coring, when hard, rock like mudstone 
b) by carving with a knife, when softer, more clay like mate- 
rial was present 
Three different sizes were tested: 
1.1" 6 and 1.1" high 
2) 1.4" ¢ and 1.4" high 
3) 0.9" ¢ and 0.9" high 
The majority of the tested samples had size No. 1 which appeared to 
be the most favourable since the specimens were big enough to include 
characteristic nonhomogeneities and small enough to obtain a number 
of specimens from available material. 

The sample preparation, when done by carving with a knife, 
was a most delicate operation since most of the mudstones were brittle 
or fissured so that they broke easily during preparation. It appeared 
easiest to handle specimens of size No. 1. Water absorption and drying 
limited the upper size of the specimens. Since water absorption, to an 
equilibrium water content took 4 to 10 days for specimens of size No. 1 
and about 14 days for specimens of size No. 2 it appeared unreasonahie 
to investigate larger samples. 


A lower limit was set by highly swelling soils due to the 
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55 
often very substantial difference between water saturated volume and 
dry volume, the dry volume became very small so that the accuracy of 
the measurements was affected. Therefore smaller sizes of specimens 


than the ones tested were considered not to be reasonable. 


Zea ae ea Testing 


The samples were alternately dried and wetted and the water 
content was taken after each wetting stage. 3 to 7 specimens were tested 
from each material. 

a) Drying 

The samples were dried for about 5 days at room temperature 
and for about 1 day in a desiccator at ca 72° F and 18% humidity until 
an equilibrium water content was reached. The final water content was 
found to be about 4%. A few samples were ovendried. After drying the 
specimens were placed into fitting cylindrical, non-oxydizing con- 
tainers, made out of brass, which had perforated walls and were open on 
both ends. Between the container walls and the sample some filterpaper 
was placed to allow a more uniform wetting of the samples and to pre- 
vent loss of sample through the walls of the containers. The purpose of 
these containers was to support the specimens, which often became very 
soft during the wetting process. The containers also provided more con- 
trolled conditions during the wetting process. One dimensional volume 
change could take place since horizontal movements were inhibited by the 


container. The containers were made out of screen to allow a better 


access of air during the drying process. 
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56 
b) Wetting (See Fig. 3.13.) 

It appeared necessary to take the dry weight of the specimens 
immediately before every wetting stage since during the drying process 
the tested material cracked and partly fell apart so that uncontrolled 
losses of material occurred. The samples were placed on wet filterpaper. 
The water was absorbed into the specimens quite readily until an equi- 
librium water content was reached after about 4 - 10 days for speci- 
mens of size No. 1. The test was performed in a moist room at 68° F 
and 90% humidity. The wetting process, which took very long for highly 
swelling materials after several slaking cycles, could be speeded up by 
turning the samples upside down at daily intervals. 

To find the equilibrium water content it was sufficient to 
take the weight at the end of the wetting process. The volume change 
which occurred during the wetting process was often very substantial. 
To avoid uncontrolled loss of material, the soil which came out on 
both ends of the container was trimmed off and the decrease in weight 
was noted. 

After the final water content was reached the specimens were 


dried again under the same conditions as described above. 


eno) Rate ot Staking Test 


During the evaluation of the quantitative slaking test it 
was suggested that the rate of slaking during the very first slaking 
cycle might be relevant for classification. However, the slaking test 


as developed in the present study is too time consuming for such a 
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classification test. A complete cycle of drying and wetting takes at 
least 10 days. Therefore it was of interest to modify the test in or- 
der to measure the rate of slaking more rapidly. One way of accelerat- 
ing the wetting stage is to immerse the dried specimens in water. 
However, for medium to highly slaking materials swelling and conse- 
quent disintegration occurs so quickly that it is difficult to control 
the process. This problem is overcome by immersing the samples in water 
after they had been placed into a funnel which was covered by filter- 
paper. The set-up is shown in Fig. 3.21. 

Excess water drips off and the water content of the samples 
can be easily determined after various times of water immersion. Air- 
dried and ovendried samples were tested for a few materials, but no 
significantly different water contents after immersion could be de- 
tected (See Table III.7.). Because of the rather time consuming pro- 
cess of airdrying, this was abandoned and ovendrying was adapted as 
the standard procedure for this investigation. Tap water was used 
since no marked difference to distilled water was observed. 

The water content was determined at various periods of water 
immersion. For most materials a constant water content was reached 
after less than 2 hours. An exception was Material No. 7, a highly 
bentonitc sandstone from the Edmonton Formation. Termination was ob- 
tained after about 24 hours of water immersion. The water content is 
plotted against time of water immersion for typical materials in Fia. 


A 3.62. Because termination was reached for most materials after 2 hours 
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of water immersion, this time-period was chosen as the standard time 
for this test which may be termed the rate of slaking test. 

The standard procedure of the rate of slaking test is sum- 
marized in the following: 

Irregular lumps of clays and mudstones smaller than 1 inch 
were dried to constant weight at around 105° C. The dry weight of the 
samples was generally between 10 and 20 grams. The material was placed 
in a funnel which was covered by filterpaper, and then the material 
was immersed in water (See Fig. 3.21.). After 2 hours the funnel con- 
taining the samples was taken out, the excess water was allowed to 


drip off, and the water content was determined. 


2.4. Test Results 
2.4.1. General 

A wide spectrum of materials was tested, materials which 
came from various parts of the world (Canada, U.S., England) and 
ranged from Cretaceous cemented siltstones from the Rocky Mountains 
to Tertiary overconsolidated clays (e.g. London Clay). In the strength 
softening test 14 different materials were tested (Materials No. 1 to 
[iw Tables? 11l1 sl... li .2.5 Lil-3)) ineheus aking test. 25.di trerent 
materials (Materiats No. ‘l to 25 in Tables Lil. |. Illi. Sita) 
and in the rate of slaking test 13 different materials (See Table III.7). 
The test results were correlated to standard classification tests, such 
as Atterberg Limits and grain size. In addition a mineralogical analysis 


of the clay portion was obtained. A systematic analysis of the carbonate 
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99 
cementation was not undertaken, because the usual methods of carbonate 
determination are reported to be not very reliable and also because an 
analysis did not appear very fruitful, since no strong correlation was 
expected. Locker (1969) for example investigated a number of mudstones 
from Western Canada and reported very low carbonate contents for these 
materials. Many of those were tested in the present study (Materials 
Nos. 7, 8, 15, 16, 17, 18, 19, 20, 23), but independent of the generally 
low carbonate content widely varying degrees of water deterioration 
could be observed. For Jurassic sediments from England where limestones 
and clays were interbedded the carbonate content was found to be the 
same in both materials (Cruden, 1972). The substantial difference in 
properties and appearance between limestone and clay was probably 
caused mainly by the difference in clay content. Also, when comparing 
carbonate rich material, such as Oxford Clay (Material No. 9), with 
carbonate poor material, such as Bearpaw Shale (Material No. 8), no 
substantial difference in softening behavior could be observed. Ox- 
ford Clay contained an abundance of calcareous fossils and thus ap- 
peared as carbonate saturated, while for the Bearpaw Shale only very 
low carbonate content had been reported. The results of an analysis 
of the carbonate content can be very misleading when the carbonate in a 
mudstone is present in macro form, such as nodules or fossils, as 
for example in Oxford Clay. 


An analysis of the silica-cementation would be very desirable, 


since a strong influence on the induration of materials is expected. 
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60 
However, a dependable analysis is not possible so far for fine grained 
materials. 

Liquid and Plastic Limit tests were performed according to 
ASTM designations D423-54T and D424-54T respectively. It has been argued 
(USCE, 1970) that the soil preparation according to ASTM standards (air- 
drying to constant weight, grinding and passing through No. 40 sieve) 
does not provide representative samples. Mechanical breaking of the 
dried material is believed to destroy the original grain structure 
of the soil and hence results, which are representative of the origi- 
nal soil, cannot be obtained. Three different procedures have been suqg- 
gested, in which the materials are treated in a less severe manner (USCE, 
1970). In a limited study, the influence of soil preparation on the At- 
terberg Limits of soils considered here was investigated. 

Plastic Limit values were found to be essentially independent 
of soil preparation, but the Liquid Limit values were clearly influenced 
by the method of soil preparation. However, the deviation of these 
values from those found using the ASTM method did not exceed + 20% 

(See Fig. A 3.65.). All three procedures as suggested by USCE are very 
time consuming and cannot be applied to materials, which are too hard 

to be carved with a knife, or which do not slake readily into a soft 
clay. Since a common procedure for all materials was considered more im- 
portant than somewhat more representative results, the Limits according 
to ASTM standards were adopted in the correlations that follow. 


Grain size determinations were performed by the hydrometer 
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61 
technique in accordance with ASTM designation D422-54T, with the fol- 
lowing modifications: 

1) The samples were airdried and passed through a No. 40 sieve 

2) The airdried soil powder was mixed with 10% Hydrogen-Per- 
oxide-solution and boiled for about one hour in order to 
oxidize the organic portions. 

The proportions of the clay minerals in the materials were de- 
termined from the clay content of the mudstones using X-ray diffraction 
methods. The X-ray analyses were performed at the Research Council of 
Alberta on oriented samples of the clay-sized fraction sedimented onto 
glass slides, which had been glycolized. The diffraction patterns were 


interpreted as suggested by Johns, Grim, and Bradley (1954). 


2.4.2. Strength Softening | 

The results obtained from the strength softening tests gene- 
rally show substantial scatter. This scatter reflects mainly the vari- 
ation of material, structure, and jointing from specimen to specimen 
and to a lesser degree the influences of sample size or testing con- 
ditions (See Table III.4. and Figs. 3.1. and A 3.1. to A 3.13.). Only 
trends can be observed and for the further evaluation of the results 
this fact should be kept in mind. 

For each material shear strength Cy has been plotted against 
time of softening during water immersion t, (Figs. 3.1. and A 3.1. to 
A 3.13.). All materials show the same trend of strength decrease with 


increasing time of softening, with the strength eventually reaching a 
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final value, which is called the fully softened strength Cyr Ok a 
better comparison of the different materials the strength values at 
each softening stage were normalized by referring the average sof- 
tened strength values to the average initial strength: c,/Cyo (Fig. 
3.2.). In Fig. 3.3. the normalized shear strength Cy/Cyo has been plot- 
ted against time of softening on a logarithmic scale. The major por- 
tions of the strength softening curves are represented by straight 
lines, with the slopes varying slightly from material to material. 

The time for loss of 50% of the original strength ts5q was 
obtained from Fig. 3.3. and was plotted on a semilogarithmic graph 
against the normalized full strength loss Acy/Cyo (Fig. 3.4.). In 
Fig 3.5. the normalized fully softened strength values cyr/Cyo were 
plotted versus the time for full softening on a logarithmic scale. 
This shows that the materials which soften quickly also soften to a 
higher degree than materials which soften slowly. 

Considering the rate of softening, three groups of materials 
can be separated. On the basis of time for full softening (Figs. 3.2., 
3.3., 3.5.) they group into materials which are fully softened after 

1) more than one month 
2) within days 
3) within hours 
On the basis of 50% strength loss (Figs. 3.3. and 3.4.) they group in- 


to materials which 
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1) never lose 50% of their original strength 
2) lose 50% of their original strength within days 
3) lose 50% of their original strength within hours 
A good correlation is found between normalized strength loss Acy/Cyo 
and initial shear strength cyo (Fig. 3.6.). Weak materials 
(Cyo < 250 psi) showed strength losses of more than 60% and strong 
materials (Cyo > 250 psi) indicated strength losses of less than 40%. 
From Fig. 3.6. as well as from Figs. 3.5., 3.8., and A 3.14. two 
groups of materials can be clearly differentiated on the basis of 
the amount of strength softening: 
1) Materials which never lose more than 40% of their original 
strength 
2) Materials which lose more than 60% of their original 
strength 

Fig. A 3.14. shows that materials with higher natural water 
contents wy, soften more than materials with lower water contents. Only 
a rough correlation between natural water content w, and initial 
strength Cyo is found, as shown in Fig. A 3.16. 

The correlation between normalized strength loss AC, /Cyo and 
percent clay size (Fig. A 3.26.) is very poor, only indicating that 
with increasing clay portions the strength loss increases. Better cor- 
relations are found when the normalized fully softened strength cy¢/Cyo 
is plotted against Activity A (Fig. A 3.27.) and against Plasticity In- 


dex Ip (Fig. A 3.39.). The fully softened strength cy¢ decreases with 
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increasing A and increasing Ip. A poor relationship between norma- 
lized fully softened strength and initial Liquidity Index ecis 
shown in Fig. A 3.25. The water contents were also recorded at each 
softening stage (Figs. A 3.17. to A 3.24.). These records represent 
time-swelling curves for natural materials in distilled water at 
zero .load. 

Fig. 3.7. indicates that there is a good correlation for 
all materials between normalized strength values Cy/Cyg during sof- 
tening and increase of water content during softening aw. 

In Fig. 3.8. the normalized final strength loss Ac,/Cyo 
is plotted against final change of water content dAwr for all materi- 
als. Materials with no measurable change in water content lose less 
than 40% of their original strength, and materials, where water con- 
tent changes of more than 1% could be recorded, show a full strength 
loss of more than 60%. The undrained Moduli of Elasticity were deter- 
mined from the compression test results as the slopes of the linear 
portions of the stress strain curves. This is illustrated in Fig. 3.11. 
In Fig. A 3.28. to A 3.38. the E-Moduli are plotted against the time 
of softening. The scatter of the results is often substantial. How- 
ever, in most cases a general decrease of E-Modulus with time of sof- 
tening can be observed, as would be anticipated. 

Fig. 3.9. presents a linear correlation between undrained 
Modulus of Elasticity E and compressive strength cy in a double loga- 
rithmic plot for all compression tests, on fresh as well as on sof- 


tened specimens. Similar relationships had been found for Japanese 
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mudstones (Joshinaka, 1967) for rocks from Europe and North America 
(Deere and Miller, 1966) and for Pennsylvanian Shales from Illinois, 
U.S. (Hendron et al., 1970). These results are also indicated in the 
same graph. From Fig. 3.9. the average change of Modulus of Elasticity 
AE during time for 50% strength loss was taken at three representative 
strength values qy and was plotted against the respective strength 
values in Fig. 3.10. A far larger decrease of stiffness is indicated 


for weak materials than for strong materials. 


2.4.3. Slaking Test 


The change of water content during wetting is indicated 
in Fig. 3.14. for Materials Nos. 7, 8c, 21, and 18 during their very 
first wetting stages. Material No. 7 is an example of a very highly 
slaking material, Material No. 8c is an example of a highly slaking 
material, Material No. 21 is an example of a medium slaking material, 
and Material No. 18 is an example of a slightly slaking material. The 
curves represent the swelling behavior of airdried natural materials 
under zero load with laterally restricted deformations. The equilibri- 
um water content values w, which were obtained at the end of each wet- 
ting stage, were plotted against the number of drying-wetting cycles 
(Figs. 3.15., 3.16., and A 3.40. to A 3.54.). These plots show an in- 
crease of water content with number of drying-wetting cycles which is 
indicative of the slaking of the material. The water content values 
approach a maximum value we after about 6 to 12 cycles. The scatter of 
points in all these figures is due more to variation of material from 


specimen to specimen than to experimental deficiencies. For example, 
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66 
Bearpaw Shale (Material No. 8c in Fig. 3.16.) shows two branches, which 
reflect the variation of materials, in this case also indicated by the 


variation of wp and I. values (See Table No. TIT .22): A number of slak- 


p 
ing tests were performed on remoulded specimens (Figs. A 3.40., A 3.47. 
A 3.48., A 3.49.). These specimens were obtained from the left-over 
material which had been prepared for the Atterberg Limit tests. A ma- 
ximum water content was reached with the very first wetting stage. 
During the subsequent slaking cycles slightly lower water contents 
were obtained which were about the same as the maximum water content 
values for the natural samples. The maximum water contents we were 
plotted against Liquid Limit w, (Fig. 3.17.): A linear increase of Ws 
with increasing w, can be observed, indicating that during slaking 

all materials eventually reach a final water content equal to their 
Liquid Limits. 

The increase in water content w* js the difference between 
maximum water content we and the original water content wy. Values of 
w* have been plotted against Plasticity Index Ip in Fig. 3.18. A li- 
near increase of w* with increasing Ip is found. 


In Fig. 3.19. and in Fig. A 3.56. the change of Liquidity 


Index I; with the number of drying-wetting cycles is described: 


where w = final water content after each wetting stage 


Wp = Plastic Limit 


I, 


Plasticity Index 
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67 
Here I, is plotted against the square root of the number of drying- 
-wetting cycles and straight lines can be drawn for the first 3 to 4 
slaking cycles. The initial rate of slaking can be expressed by the 
Slope of these lines. Thus the initial rate of slaking is given by the 


change of Liquidity Index I, during the first slaking cycle: 


407 = 111 -lLo 


In Fig. 3.20. the Activity A is plotted against the maximum water con- 
tent wo. A band of values indicates a linear increase of we with A. 
Since Activity reflects the surface area of a mixture of several clay 
minerals, this plot can also be considered as a correlation between 
slaking and surface area. Fig. A 3.60. shows similarly that with in- 
creasing montmorillonite content an increase of maximum water content 
Wo can be expected. 

There is no definite correlation between portion of clay 
sizes and maximum water content ws. 

The slaking test results wo for the remoulded materials are 
plotted against w, in Fig. A 3.61. and are compared with the correla- 
tion for undisturbed materials and with the correlation found for wa- 
ter absorption values after Enslin (Neumann, 1957). The water absorp- 
tion from the slaking tests for the remoulded materials is higher than 
for the undisturbed samples, but its values are very close to those 


after Enslin. 
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2.4.4. Rate of Slaking Test 

The results of the rate of slaking tests are summarized in 
Table III.7. In Fig. A 3.63. the water content after 2 hours of immer- 
Sion is plotted against the Liquid Limit wand is compared with the 
water content values as obtained from the complete slaking tests as 
well as with those obtained after one slaking cycle. The water content 
after 2 hours of immersion increases with increasing Liquid Limit. 
Materials with low Liquid Limits mostly reach a water content which is 
below the value obtained for maximum slaking, but slightly higher than 
after one slaking cycle. For materials with high Liquid Limits the wa- 
ter contents after immersion mostly exceed the maximum slaking values. 
For materials with very high Liquid Limit values (w, > 180%) the water 
contents after 2 hours of immersion are below the maximum slaking wa- 
ter content (Material No. 7). The maximum value, which can be obtained 
after 24 hours of water immersion for this material, again is higher 
than the maximum slaking value. 

In Fig. A 3.64. the Liquidity Index after 2 hours water immer- 
sion is plotted against Liquid Limit and compared with the average 
values obtained from the quantitative slaking test. 

In Fig. 3.22. the change of Liquidity Index AI, during 2 
hours immersion is plotted against Plasticity Index I, and compared 
with the respective values as obtained from the slaking test. Both 
plots, the IL - versus - w relationship as well as the AIL - versus 


relationship, show a wide scatter of points and do not indicate 


Ip 
a strong correlation. 
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2.5. Discussion of Results 
2.5.1. Discussion of Strength Softening Results 

On the basis of the results obtained the following observa- 
tions can be made: 

1) A good correlation exists between initial compressive 
strength and amount of strength loss during softening. 

2) A distinction between two groups of materials can be made 
on the basis of strength loss during softening. 

3) A differentiation of three groups of materials can be made 
on the basis of the rate of softening. 

4) A correlation exists between compressive strength and un- 
drained Modulus of Elasticity during all stages of soften- 
ing. 

The group of materials which showed only little strength reduction 
during water immersion (less than 40% of the original strength) were 
always characterized by undrained shear strength values higher than 250 
psi. Most of these materials had low natural water contents (w, < 10%) 
and a small clay fraction (% < 2 < 15%). The only exception is Mate- 
rial No. 12 (Pierre Shale) which had a natural water content of 26% 

and a clay fraction of 35%. (It should be remembered that this is pro- 
bably not typical for Pierre Shale.) For these materials the Plasticity 
Index I, was generally less than 12% and the Activity always less than 


p 
0.35. In all cases no increase of water content during softening could 


be measured. 
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The second group of materials, which lost more than 60% of 
their original strength during water immersion, had a shear strength 
below 250 psi. 

Sample No. 13 (Clagget Shale) did not follow this trend. In 
spite of an initial shear strength of 700 psi, it lost more than 80% 
of its original strength within 8 hours. The material, however, did 
not soften in the usual manner by a more or less homogeneous increase 
of water content throughout the sample. It fell apart along hidden 
joints and fissures. It can be assumed that the sample was not com- 
pletely undisturbed. Disturbance could have been waded by 

a) tectonic action (the core sample was densely jointed along 
bedding planes), 

b) drying during storage (the sample protection was not intact 
when the core sample was received), 

c) drying during sample preparation (the sample was sawed and 
consequently sanded outside of the moist room). 

For all of the second group of materials natural water con- 
tents were higher than 10% and clay fractions were more than 25%; the 
Plasticity Index was above 24% and the Activity higher than 0.5. Gene- 
rally an increase of water content during softening of more than 1% 
could be measured. 

Three groups can be distinguished on the basis of the rate 
of softening. The first group of materials never loses more than 50% 


of its strength, and is identical to the previous first group of 
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little softening materials. The other two groups divide the soften- 
ing materials into those which lose 50% of their original strength 
within days and into those which lose 50% of their original strength 
within hours. 

The more rapidly softening materials generally show a strength 
loss which is slightly higher than for the slower softening materials. 
However, no further differentiation can be found on the basis of ini- 
tial strength, E-Modulus, natural water content, change of water con- 
tent during softening, clay size, Plasticity, or Activity. The group 
of slower softening materials includes e.g. Bearpaw Shale (Material 
No. 8) and Oxford Clay (Material No.9), while the more rapidly soften- 
ing materials are represented by materials like Gault Clay (Material 
No. 10), London Clay (Material No. 11), or Colorado Shale (Material 
No. 14). The quoted examples indicate that materials which in North 
America are generally denoted as clay shales or compaction shales 
might be described in England as overconsolidated clays. London Clay 
is probably the best known example of a stiff fissured clay; there- 
fore it appeared reasonable not to change the terminology for London 
Clay and to denote comparable materials in a similar manner. It was 
felt that the slower softening group of the materials that soften 
substantially is not essentially different from the more rapidly 
softening materials, and that therefore they should not be considered 
as a different material. They have been called hard clays, thereby 


making use of Terzaghi's classification “soft, medium, stiff, hard" 
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72 
(Terzaghi and Peck, 1967). The group of materials which never lost 
more than 50% of their original strength during softening appeared 
far more indurated than the group of stiff and hard clays, and there- 
fore more durable. This group should be considered from an engineering 
point of view as rocks and will be termed mudrocks or mudstones, or if 
fissile shales, which is consistent with the terminology suggested for 
inorganic, sedimentary material (Twenhofel, 1937; Underwood, 1967). On 
the basis of the strength softening test the following classification 


of argillaceous materials can be given: 


1. Mudstones: cy > 250 psi; strength loss during softening 
is < 40% of original strength 
2. Clays : Cy < 250 psi; strength loss during softening 
is > 60% of original strength 
2.1. Hard Clays: 50% strength loss occurs within days 
2.2. Stiff Clays: 50% strength loss occurs within hours 
2.3. Medium to Soft Clays: complete disintegration occurs imme- 
diately 


Mudstones are further characterized by : 


Modulus of Elasticity E > 10 000 psi 
Plasticity Index Ip < 12% 
Activity A < 0.35 
Clay fraction (mostly) (teK 2/*) < 15% 
Natural water content (mostly) Wy < 10% 


Maximum change of water content 
during softening Aw ~ 0% 
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Clays are further characterized by: 


Modulus of Elasticity E < 20 000 psi 
Clay fraction (P< 2 7), aanebe 
Natural water content Wy > 10% 


Maximum change of water content 
during softening Aw > 1% 


2.5.2. Discussion of Slaking Test Results 


The most important result from the slaking tests is the linear 
correlation between maximum water content we and Liquid Limit WL: this 
indicates that during slaking all materials eventually reach water con- 
tents equal to their Liquid Limit values. The deviation of values from 
the ws=w_-line is generally small. Variations can be caused by not 
using identical samples for slaking tests and Atterberg Limit tests. Be- 
cause of the small size of slaking specimens the slaking tests are far 
more sensitive to very small local variations of materials than the At- 
terberg tests. As large volume changes during the wetting stages took 
place, the material was sqeezed out of the slaking containers and had 
to be trimmed off. Small inclusions of highly swelling or non-swelling 
minerals within the zone of excess material consequently resulted in 
markedly lower or respectively higher water absorption values (See 
Material No. 7 in Fig. A 3.41. or Material No. 23 in Fig. A 3.54,). 

A similar relationship to the ws-w.-correlation was found 
between water absorption ("Wasseraufnahme") after Enslin and Liquid 


Limit values (Neumann, 1957). The water absorption after Enslin 
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(Schultze and Muhs, 1950; Kezdi, 1964) is defined as the amount of 
water which can be absorbed be the fine portions of a dry soil 
(<0.06mm), and is expressed in terms of water content; the amount 
of absorbed water is measured in a specially designed apparatus, 
where the soil can suck in water through a filter. The Enslin water 
absorption values and the slaking values are compared in Fig. A 3.61. 
The two lines representing the respective correlations are parallel 
to each other but do not fall together. This deviation is mainly due 
es the difference in tested materials: the Enslin values are absorp- 
tion values for the fine portions of a soil, while the slaking values 
are absorption values for the total material. It should be noted that 
the slaking values which were found for the remoulded materials (which 
had been passed through a No. ad’ Seve! : 6.42mm) follow very closely 
the relation found for the Enslin-values, even though they generally 
contained coarser particles than the materials used in the Enslin test. 
The slaking tests predicted little disintegration for materi- 
als with very low Liquid Limits (w < 20%). In the field, however, it 
was observed that materials which had only slightly disintegrated 
during the slaking tests completely disintegrated into a cohesionless 
silty or sandy mass after being exposed for less than one year (e.g. 
Materials Nos. 2 and 4). This suggests that for the very low plastic 
and non-plastic materials slaking is not the most destructive mecha- 
nism, and that cyclic freezing and thawing is probably the major agent 


of disintegration for these materials. Both mechanisms, however, support 
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5 
one another. For materials with w. > 50% slaking is a far more severe 
agent than frost action. During each wetting stage very substantial 
volume changes occur which cause large differential strains between 
different swelling particles and result ina complete disruption of 
the original structure. 

Natural materials are likely bound together in clay clusters. 
The swelling properties are defined by the total surface area of the 
clusters and not of the actual clay mineral (Balasubramonian, 1972). 
During Slaking these clusters break down, thus increasing the total 
surface area. Eventually, when the materials reach a water content 
equal to their Liquid Limit, the clusters can be considered as large- 
ly destroyed and finally the effective surface area is close to the 
surface area of the actual clay minerals. The correlation between ma- 
ximum increase of water content and Activity (Fig. 3.20.), which is 
considered to be a good expression of surface area for a mixture of 
clay minerals, indicates this tendency. It is also interesting to 
compare the relationship between total surface area of the clay mine- 
rals and Plasticity or Liquid Limit, which has been observed for 
English clays (Farrar and Coleman, 1967) (See Figs. A 3.57. and 
A 3.58.). The relationships, which are very similar to the w.-A corre- 
lation, indicate that the maximum water content after full slaking 
is a direct measure of the total surface area of the clay minerals. 
Similarly it is believed that the water content after each slaking 


stage reflects the respective effective surface area. 
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The influence of cementation on slaking can be recognized 
by comparing the slaking behavior of unweathered Bearpaw Shale (Mate- 
rial No. 8c) with weathered Bearpaw Shale (Material No. 8d) which 
was strongly ironstained (Fig. 3.16.). Results similar to the weathered 
Bearpaw Shale were obtained from unweathered Bearpaw Shale when 
slaked in iron containers and where ironstaining occurred during the 
test. The lower degree of slaking for the more cemented materials is 
also reflected by the decrease of Plasticity and Liquid Limit values 
with increase of cementation. 

Material No. 8d was slaked in distilled water as well as in 
its porefluid (Balasubramonian, 1972), but no difference in water ab- 
sorption could be observed for the two cases. It was concluded that 
salinity of the water to be absorbed had little influence on the 
slaking and hence swelling behavior of a soil. This observation is con- 
sistent with theoretica! considerations on the swelling behavior of 
natural materials (Balasubramonian, 1972; Chattopadhyay, 1972). 

The influence of ovendrying was studied during the first 
cycle for 4 samples [Metenicls Nos. 8d, 18, 24). Water absorption 
following ovendrying was markedly lower than for comparable airdried 
samples. Only after about 6 cycles were the same water absorption 
values reached as for the airdried samples. 

The rate of slaking is best described by the change of 
Liquidity Index I, with number of slaking cycles (Figs. 3.19. and 


A 3.56.). The relationship between I, and number of cycles is linear 
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for the first 4 cycles ina square root plot. Some materials, how- 
ever, show a steeper slope up to the first cycle than for the con- 
sequent points. It is interesting to note that these materials are 
either materials which could be classified in the strength softening 
test as stiff clays, or materials which had been weathered or remould- 
ed. In this context it might be recalled that slaking tests on re- 
moulded samples indicated maximum absorption values after the first 
Slaking cycle (Figs. A 3.40., A 3.47., A 3.48., A 3.49.). Since the 
highest rate of slaking for some materials occurred during the first 
cycle, this rate was considered relevant for classification. 

A classification according to maximum amount of slaking in 
terms of Liquid Limit (Fig. 3.17.) may be expressed as follows: 

Very low slaking - the materials with w < 20%; 

opening of fissures and only slight disintegration can 

be observed. 

Low slaking - the materials with 20% <w_ < 502; 

the materials generally disintegrate into a granular, 

discontinuous mass. 

Medium slaking - the materials with 50% <w < 90%; 

the materials disintegrate into a medium soft clay, and 

often do not lose a granular structure. 

Highly slaking - the materials with 90% <w < 140%; 


the materials disintegrate into a soft clay of homogene- 


ous appearance. 


Very highly slaking - the materials with w_ > 140%; 
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78 
for these dominantly montmorillonitic materials it takes a 
very long time during each wetting stage until equilibrium 
water content can be reached (Fig. 3.14.), because of the 
very large volume change which takes place and the very low 
permeability. The materials lose their original structure 


during the first wetting stage. 


2.5.3. Discussion of the Rate of Slaking Test Results 


When comparing the water content values after water immersion 


with the slaking test results three groups of materials can be identi- 


fied in Figs. 3.22. and A 3.64.: 


1) 


3) 


Materials which reach water content values of the same 
magnitude as obtained during the slaking test after the 
first slaking cycle. These materials are generally of low 
plasticity with a Plasticity Index less than 20% and a 
Liquid Limit less than 502. 

Materials with water contents after immersion which are 

in the same range as the maximum slaking values. These ma- 
terials soften more during water immersion than during the 
first slaking cycle but not more than is possible during the 
slaking test. 

Materials which reach water contents which exceed the maximum 
slaking values. These materials soften substantially more 


than is possible during the slaking tests. 
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A classification according to the rate of slaking during 2 hours of 
water immersion may be expressed in terms of the change of Liquidity 
Index (See Fig. 3.22.) as follows: 

Slow slaking - the materials with Al; < 0.8; 

these materials disintegrate into a fine to coarse grained 

gravel. 

Fast slaking - the materials with 0.8 < Aly < 1345 

these materials disintegrate into a soft homogeneous clay. 

Very fast slaking - the materials with Al, > 1.4; 

these materials disintegrate into a very soft homogeneous 

mass. 

A test similar to the rate of slaking test had been suggest- 
ed by Hamrol (1961) for a "quantitative classification of the weather- 
ing and weatherability of rocks". Hamrol measured the water content of 
ovendried specimens after they had been immersed in water for about 
1 1/2 hours and denoted it as the parameter iy of weathering state I. 
He found that the weathering parameter correlated well with shearing 
resistance and Modulus of Elasticity of the rocks investigated. 

The rate of slaking test supplements Hamrol's classification 
test. While Hamrol's test is concerned with the materials for which 
no Liquidity Index can be determined (for materials with w 2 20%), the 
rate of slaking test is applied to plastic materials. The classifica- 
tion of the plastic materials is based on the change of Liquidity In- 


dex during the period of water immersion rather than on the final wa- 
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80 
ter content, because the change of Liquidity Index during a certain 
time period represents a more meaningful number. 

Another test comparable to the rate of slaking test was de- 
veloped by Franklin (1970). Franklin's test measures the disintegra- 
tion of a soil after one or two slaking cycles. 

In this test the samples are dried to constant weight at a 
temperature of 105° C, placed into a drum, immersed in water and then 
rotated for about 10 minutes. The ratio of the amount of material left 
behind in the drum to the original amount of material was called the 
Slake Durability Index Ig and was used as a measure of slake durability. 

Both tests measure the rate of slaking of ovendried speci- 
mens after immersion in water. The rate of slaking test determines the 
amount of disintegration by measuring the water content after water 
immersion, while Franklin's slake durability test determines the 
amount of disintegration after water immersion and mechanical distur- 
bance on the basis of grain size. The wetting stage of the rate of 
slaking test is substantially longer than in Franklin's test (2 hours 
against 10 minutes), however, in Franklin's test the materials are 
also affected by a mechanical process. It can be assumed that both 
tests provide similar results. A direct comparison was obtained only 
for Material No. 9 (Oxford Clay) and Material No. 13 (Clagget Shale). 
According to Franklin's test Oxford Clay is a medium to high durable 
clay and Clagget Shale a very little durable clay (Gamble, 1971). Ac- 


cording to the rate of slaking test Oxford Clay is termed a slow 
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Slaking clay and Clagget Shale a fast slaking mudstone. A comparison 
over a range of index properties is not possible since both tests 
show only very crude correlations with index properties, which in ad- 
dition appear insensitive (Gamble, 1971). Franklin's test results 
by themselves are not very meaningful, because the dynamic test con- 
ditions, under which the tests have been run, are basically diffe- 
rent from natural conditions under which slaking occurs. Franklin's 
test data, however, correlate different materials to each other 
based on the amount of disintegration by the specific test conditions. 

The rate of slaking test as developed in this study is com- 
parable to natural conditions and the results can be expressed in 
terms of Liquidity Index, which is a physically meaningful index num- 
ber. In addition the rate of slaking test results can be easily com- 
pared with the results of the quantitative slaking test, which obviously 
indicates basic soil properties. 

From this point of view the rate of slaking test appears 
clearly advantageous as compared with Franklin's slake durability 
test. Besides, the necessary testing equipment for the rate of slaking 


test is cheaper and less complicated than for Franklin's test. 


2.5.4. Proposal of a Classification System 


A classification system for inorganic noncalcareous sedi- 
mentary material is proposed on the basis of strength softening re- 


sults as indicated in Fig. 3.23. 
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82 
According to the quantitative slaking test and the rate 
of slaking test the inorganic sedimentary materials can be further 


identified and designated as shown in Fig. 3.24. 
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TABLE III.3. 


SUMMARY OF MINERALOGICAL DATA 
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FIG. 3.1. STANDARD COMPRESSION SOFTENING TEST: 
UNDRAINED SHEAR STRENGTH VERSUS TIME OF SOFTENING FOR MAT. NO.7 
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unsoftened material 


softened material 


Deviator stress 6& 


Axial straine 


FIG. 3.12. STRESS STRAIN CURVES OF SOFTENED AND UNSOFTENED 
MATERIAL TO DEMONSTRATE STRAINS CAUSED BY 
DECREASE OF STIFFNESS. 
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FIG. 3.11. STANDARD COMPRESSION SOFTENING TEST: 
STRESS STRAIN CURVE INDICATING THAT THE MODULUS 
OF ‘ELASTIGITY WASHSELEGTEDUAS THE SLOPE OF THE 
LINEAR PORTION OF THE CURVE. 
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a) SPECIMEN 

b) FILTERPAPER between specimen and container walls 

c) BRASS CONTAINER with perforated walls 

d) WET FILTERPAPER which supplies the water which is 

absorbed into the sample. 

e) GLASSPLATE sitting in a container which was filled 
with distilled water. The filterpaper 
will be kept constantly wet during the 
wetting process by being wrapped around 
this glassplate; the specimens were placed 
on top of the glassplate and the filter- 


paper. 


FIG. 3.13. QUANTITATIVE SLAKING TEST: b 
THE WETTING STAGE (TEMP. T = 68°F, 90% HUMIDITY). 
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in pore water solution O 
in distilled water co) 


Material Wo. 


Sede 


Material No. Giics under standard conditions af. 
slaking in iron containers 
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ae = 11% 


Equilibrium_water content w (%) 
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No. of slaking cycles 


RG a owt. at aan SLAKING TEST: 


HANGE OF WATER CONTENT WITH NO. OF SLAKING CYCLES 
FOR MATERIALS NO. 8c AND 8d (BEARPAW SHALE). 
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a) Specimen 


b) Filter Paper 


c) Glas-Funnel 


d) Glas-Container 


FIG. 3.21. SET-UP FOR RATE OF SLAKING TEST. 
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& 2 hours of water immersion 
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Change of Liquidity Index AI, 


eo 
Fast slaking < 
ieee —--— = Ose ee eT amar esleking) 
1.0 ad 
Aly, = 0.8 
oes 


50 100 150 200 
Plasticity Index I, (2) 


FIG. 3.22. RATE OF SLAKING TEST: 
CHANGE OF LIQUIDITY INDEX VERSUS PLASTICITY INDEX. 
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Compression Test 


-—_—__ 


Cyo < 250 psi Cup > 250 psi 
Aw > 1.0% Aw < 1.0% 
AC, > 30.6 Cyn) (Ac, < 0.4 Cio) 
Silt + Clay Rock 
Strength Softening visual examination 
Test 
full disintegra- t,a<Iday ts5q>Iday § Mudstone* Sandstone 
tion immediately oe Caf sy 
Shale 


Medium to Soft Stiff Clay Hard Clay 


Clay 


Slaking Properties 


* The terms rock and stone may 
be used alternatively. 


FIG. 3.23, CLASSIFICATION SYSTEM FOR INORGANIC, NONCALCAREOUS, 
SEDIMENTARY MATERIALS ON THE BASIS OF THE 
STANDARD COMPRESSION SOFTENING TEST RESULTS. 


Ba - eattveqen9 pats 


i 


126 


“LSet ONDIVAS 40° salve) su 
¥: CNV SLINSSY LSAL ONINVIS JATLVLIANVND FHL OL ONIGUOIOV 
SIVIMSLVW AUVLNSWIGSS “SMOSUVITIVINON “DINVOYONI YOS SAILYAdONd ONINWIS “ve'€ “OTS 


Sa oS 
O'postly = 4A®  aasef AueA ener 
ul S 
Si- > 
par oketa 
’ Bis Be 
ple "hee 3 4 3Se4 ees 
BES erage 
=| 
(a>) 
= 
S iS ats 
(oe) 
7 =S 


os> Im>0z oz> 'm 
; 
MO | 


HP Bids ab. eal a MN ae wy Kt 


oe 
bs 
2 
2 
& 
te 
€ 
il 
aie 3 
a 
Se 
so 
=e 
riers 
6. 
eo ae 1 es ae 
| ns ‘ 7 ae 
b 
‘& 
| a 


CHAPTER IV 
CASE HISTORIES 


1. General 

In a large number of theoretical considerations (e.g. 
Taylor, 1948; Skempton, 1964; Bishop, 1967; Conlon (Peck, 1967); 
Bjerrum, 1967; Duncan and Dunlop, 1968; Christian and Whitman, 
1968; Gates et al., 1972) it was shown that mechanisms, such as 
nonhomogeneous stress distribution, local overstressing, release 
of horizontal stresses, etc. can possibly create progressive 
failure in a soil by which cohesion and angle of friction are re- 
duced to their residual values. Critical investigations of case 
histories showed that mechanisms of progressive failure affecting 
c' and g' were not apparent in many slopes (e.g. Turnbull and Hvors- 
lev, 1967; James, 1970). It appeared promising to continue in this 
line and to approach the problem of progressive failure on the basis 
of field observations, rather than to investigate another theoreti- 
cal model. Therefore case histories will be analysed which have been 
reported as examples in which progressive failure reduced the effec- 
tive angle of friction of a soil, as well as case histories which 
show contradicting evidence. 


Many of the reported case histories are only of limited 
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value, because most of them lack complete data of the conditions at 
failure. The most severe deficiency is usually lack of dependable 
pore pressure measurements. The importance of detailed pore pressure 
data is illustrated by the case history of the Devon Slide (Eigen- 
brod and Morgenstern, 1971), in which less detailed information 


would have yielded a completely different interpretation. 


2. First-Time Failures where the Mobilized Average Strength 
Parameters along the Slip Plane appeared to be c'=0 and 
$< B peak 
First-time failures in which the average mobilized strength 
parameters are c' = 0 and g' < # peak would show that there are mecha- 
nisms of progressive failure which cause a reduction of ¢' as well 


as70r.c¢ , 1 practice. 


2.1. Devon Slide (Eigenbrod and Morgenstern, 1971 

The Devon Slide is an example of a slide which, seemingly 
a first-time slide, mobilized the residual angle of shearing re- 
sistance along the slip surface. The Devon landslide is located ad- 
jacent to Highway No. 60 where it crosses the valley of the North 
Saskatchewan River near the townsite of Devon about 12 miles upstream 
of Edmonton, Alberta. The location is illustrated in Fig. 4.1. 
During the summer of 1965 highway improvements were undertaken and 
the road leading down the valley wall was reconstructed to reduce 


grades and ease horizontal curves. Parts of the pre-existing slopes 
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on the North wall of the valley were cut back to 2.75:1, i.e. , 
about 20 degrees to the horizontal. In the vicinity of the slope 
_under consideration, the vertical difference in elevation between 
the top of the cut and the ditch invert is about 60 feet. Prior to 
construction in March, 1965, tension cracks had been observed in 
the slope close to where the scarp of the slide was to be. The land- 
Slide occurred in the fall of 1965. A surface examination of the 
slide was made at that time by Thomson and Broscoe (1968) and sub- 
surface investigations were initiated by Eigenbrod and Morgenstern 
(1971) in the summer of 1969. 
Geology of area 

The landslide occurred in the bedrock of the area which is 
the Upper Cretaceous Edmonton Formation. The Edmonton Formation is 
a brackish to fresh-water deposit and consists of slightly indurated 
interbedded mudstone, claystone, siltstone and sandstone. The general 
dip is southwesterly at 20 feet per mile. Coal seams are present rang- 
ing from a few inches to several feet in thickness. Layers of pure 
bentonite with thicknesses between an inch and about one foot may also 
be found. The presence of bentonite which is derived from altered vol- 
canic ash seriously affects the engineering characteristics of the 
strata. 

At the close of the Cretaceous period, sedimentary deposi- 
tion slowly changed from a deltaic environment to terrestrial con- 


ditions. The deposits laid down in this manner are referred to as the 
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Paskapoo Formation. During the Oligocene, regional uplift occurred 
and subaerial erosion began, removing about 2000 feet of sediments 
of the Paskapoo and the upper part of the Edmonton Formation. The 
only recorded advance of ice into the Edmonton Area during the Plei- 
stocene was of Wisconsin age (Bayrock and Hughes, 1962). The till 
Sheets can be differentiated, but from a geotechnical point of view 
they are similar enough to be considered as one unit. The thick- 
ness of the till sheets ranges between 20 and 30 feet. The material 
is dense but often contains conspicuous vertical joints. 

Contorted bedrock due to the ice movement can be seen in 
the vicinity of the landslide. Indeed, the upper portion of the bed- 
rock at the Devon Slide, immediately below the till, exhibits some 
ice shove features. Numerous sand dunes have developed on the North 
side of the river following the retreat of the ice. The river valley 
was cut into the bedrock relatively quickly during the ice retreat 
and many landslides developed along the valley walls. These slides 
are still characteristic of the topography of the valley slopes. 
Field investigations 

Five pits were excavated into the toe of the slide in or- 
der to locate the slip plane and to obtain block samples of sheared 
material for subsequent testing. A detailed description of Pit No. 3 
is given in Fig. 4.3. The location of the pits is shown in Fig. 4.2. 

The slip surface was found in the pits. The slide had oc- 


curred in a soft greenish white, granular bentonitic clay layer 
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with a thickness varying from less than one inch to more than one 
foot. The bentonite was underlain by coal and the main slip surface 
could be clearly identified in the clay at the bottom contact with 
the coal. Secondary shear planes could sometimes be seen within the 
bentonite about one inch above the main shear plane and they were 
occasionally iron stained. Block samples containing the bentonitic 
layer were cut and transported back to the laboratory for further 
testing. Thin-walled sampling tubes, 1 1/2 inches in diameter, were 
pushed by hand across the failure surface to obtain samples for tri- 
axial testing of the sheared material. About 15 hours after excavation, 
free water which had seeped in mainly from the coal could be observed 
in Pits Nos. 4 and 5. The upper surface of the bentonite was irregular, 
having a surface characteristic of deformation during deposition. Bro- 
ken, abundantly iron stained claystone was found at the upper contact 
and it was wet in places. This zone was not identified in borehole 
samples. 

The coal layer that was found in the pits outcropped on the 
East flank of the slide where it was bent upwards for about 1.5 feet. 
On the margin of the slide, where the contortion of the coal started, 
a small spring was observed that discharged water throughout the 
year. Other thin coal layers which appeared strongly contorted were 
observed halfway up the slope. 

Six boreholes were drilled in the back slope of the slide 


in 1969. Four inch diameter augers were used within the overlying 
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till deposits and a Pitcher Sampler (Terzaghi and Peck, 1967) was 
used to recover four inch diameter undisturbed samples of the bed- 
rock from Holes 1, 2, 3 and 4. The location of all holes is shown 
in Fig. 4.2. Borehole Nos. 5. and 6 were drilled only with augers 
and therefore no undisturbed samples were recovered from them. For 
most of the drilling with the Pitcher Sampler, bentonitic mud had 
to be used to seal the holes and prevent the loss of the circulat- 
ing water. 

The bedrock consists of a variation of materials, contain- 
ing grey, medium hard brittle mudstone, light grey medium hard to 
hard bentonitic sandstone, light to dark brown medium soft carbona- 
ceous mudstone, broken coal, and two main layers of greenish white 
soft bentonitic clay, each about 1 to 4 inches thick. The strati- 
graphy is given in Fig. 4.4. which is a cross-section through the 
Slide zone. The height of the slope is about 60 feet while the 
height of the slide is approximately 40 feet. This section also il- 
lustrates the amount of excavation that preceded the movements. In 
the slide zone beneath the scarp, about 15 to 20 feet of till overly 
a thin coal layer followed by carbonaceous claystone, bentonite, 
fissured siltstone and claystone, and bentonitic sandstone. This is 
underlain by the troublesome bentonite layer followed by carbonace- 
ous clay stone and broken coal, varying in thickness from 5 inches 
to 3 feet. The extreme nonhomogeneity due to material variation 


and degrees of fissuring is noteworthy. The dark grey muds tone was 
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often brecciated along the interface with the bentonitic sandstone. 
Softened material was often found when the spacing between mudstone 
and sandstone bands was small. The upper bentonite layer was about 
25 feet above the one containing the major slip surface. In both 
clay layers distinct, often dark, failure planes could be observed. 
It should be emphasized that all boreholes are outside the failure 
zone yet sheared clay was found in the samples taken from them. 

Piezometers were installed in Borehole Nos. 1, 2, 3, 4 
and 5 in order to determine the water pressure distribution in the 
area adjacent to the slip and hence infer the water pressure condi- 
tions at the time of the slip. Since the bedrock consists mainly 
of impermeable bentonitic mudstone and sandstone, the University of 
Alberta piezometer was used in order to minimize time lag of pie- 
zometric response (Brooker, Scott, and Ali, 1968). In Borehole Nos. 
1, 2, 4 and 5 the water pressure was determined in the coal direct- 
ly beneath the bentonite layer at the base of the slide. The water 
pressure was measured in Borehole No. 3 about 20 feet above the 
failure surface within a zone that included mudstone and bentonitic 
sandstone as well as the upper bentonite layer and an additional ap- 
parently discontinuous bentonitic clay zone. Continuous readings 
were taken in Borehole Nos. 1, 2 and 4 over a period of two years 
and in Borehole No. 3 for one year. The piezometer in Borehole No. 


5 was destroyed two weeks after installation. The piezometric obser- 


vations are given in Fig. 4.5. 
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The piezometric level in the lower coal is low and is 

generally slightly below the overlying bentonitic clay layer. The 
piezometers responded almost instantaneously indicating the free- 
-draining properties of the broken coal. However, the piezometer 
in Borehole No. 3 revealed a piezometric level near the upper coal 
layer, about 25 feet above the lower piezometric level. Moreover, 
a water well belonging to a farmhouse near the site of the slide 
had been drilled to a depth just above the bedrock and the free water 
table was reported to vary between a depth of 7 and 13 feet below 
the ground surface which places it about 20 feet above the second 
water table. Hence a series of at least three piezometric levels 
have been detected due to the presence of at least two perched water 
tables. The distribution is illustrated in Fig. 4.6. This configu- 
ration is related to the stratigraphical sequence of impermeable 
beds separated by very permeable broken coal layers which act as 
drains. There is a possibility that surface freezing may alter the 
exit conditions of the groundwater and result in a build-up of water 
pressure during the winter. Therefore it was of interest to study 
the seasonal variation in piezometric levels. As may be seen from 
Fig. 4.5., the variation in the lower level was slight. It rose 
less than 1 foot in April, shortly after the snow melted. The upper 
piezometric surface was also quite stable, with an increase in head 


of only 2 feet recorded in the spring. 
After the investigation of 1969 had revealed sheared ben- 
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tonite behind the slide, it became of interest to determine how 

far this extended. It also became clear that the Devon Slide, 

while a first-time slide, was actually located in a massive older 
slide which had presumably developed during valley formation. There- 
fore, in the fall of 1970, a seventh borehole was drilled on the 

top of the valley wall in the area unaffected by valley slumping. 

As shown in Fig. 4.4., a bentonitic clay layer was detected about 

58 feet below the ground surface. This corresponded with the upper 
bentonite found earlier. The bentonite found in Borehole No. 7 was 
very hard and did not show any indication of failure. Unfortunately, 
a lower bentonite layer could not % found because of sample loss 
just above a coal bed which was thought to correspond with the lower 
coal layer. A very soft thin zone was found about 15 feet above the 
lower coal at the interface between light grey sandstone and brownish 
mudstone. In general, the bedrock material found in Borehole No. 7 
appeared harder, more intact, and less iron stained than that found 


lower in the valley. 


Laboratory tests 
Three drained triaxial compression tests were performed on 


1.4 inches diameter samples obtained by pushing thin-walled tubes ob- 
liquely across the failure surface. A horizontally movable load cap 
was used to inhibit lateral loads from acting on the top of the 
sample and a rotating pushing to minimize the ram friction. All 


samples were tested under an effective confining pressure of 30 psi. 
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Assuming zero cohesion, the residual angle of shearing resistance 
was found to vary between 5° and 10°. The results of these tests 
are summarized in Table IV.1. The average residual angle of shear- 
ing resistance of the bentonitic clay is Bon 

Sheared specimens of bentonitic clay from block samples 
obtained in the pits were tested in shear boxes but without satis- 
factory results. This was due to the difficulty in locating the 
shear plane in such a way that the direct shear test mobilized the 
pre-existing surface, This difficulty was particularly severe since 
the bottom half of the sample was broken coal or carbonaceous mud- 
stone. 

The strength of the back slope material is also needed for 
the stability analysis. As noted earlier, this material varies in 
composition, It also varies in consistency with harder, dryer, mate- 
rial being subordinate to more broken, softer material. It is pos- 
sible to distinguish between the softened and unsoftened material 
and tests have been carried out on both. 

The strength of the back slope material has been obtained 
by conducting consolidated, drained triaxial compression tests on 
samples of core, 4 inches in diameter. Pore pressure measurements 
were also made at one end of the sample to ensure that testing was 
proceeding at a rate slow enough that drainage would be essentially 
complete. Where this was not practical, the pore pressure observations 


were used in the calculation of the strength parameters in terms of 
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effective stress. The tests were carried out under a back pressure 
of 40 psi to obtain full saturation. 

Examples of stress strain curves for both softened and un- 
softened back slope material are given in Fig. 4.7. The softened ma- 
terial is more ductile than the unsoftened siltstone, exhibiting a 
greater strain to failure. The results of all the triaxial tests on 
back slope material are summarized in Table IV.2. and the shear strength 
data are plotted in Fig. 4.8. The strength envelope for the unsoftened 
material is substantially higher than that for the softened material. 
Based only on the two tests that were performed the shear strength pa- 
rameters in terms of effective stress are: ¢' = 199, c' = 3720 psf. 
These parameters are not defined accurately. Particularly, test value 
No. 7 has to be interpreted with caution. A negative effective all- 
round pressure 63 was recorded which certainly cannot be the true 
overall value for the sample. The pore pressure values measured are 
probably true only for the base and the top of the sample. Because 
of the large size of the specimen and the low permeability of the ma- 
terial nonhomogeneous pore pressure distribution must be expected 
within the sample. When assuming a more likely effective allround 
pressure of approximately o3= 0, the effective shear strength para- 
meters for the unsoftened material become ¢' = 32° and c' = 1700 psf. 
The strength envelope for the softened material curves at higher 
pressures. However, over the average effective stress range of con- 


cern in the Devon Slide, the strength of this material is well 
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represented by ¢' = 33° and c' = 190 psf. 

The shear strength and index parameters are summarized 
in Table IV.3. It should be noted that the Liquid Limit of the ben- 
tonitic clay is only 100%. This is less than is usually found in 
bentonites of marine origin. Calcium and magnesium are likely the 
dominant absorbed ion in this clay, as opposed to sodium in the 
Bearpaw Formation. Since most of the back slope material appeared 
softened and since it is extremely unlikely that the slip sur- 
face would cross intact siltstone, the parameters for the softened 
material were used in the analysis. 
Stability analysis 

The calculation of the factor of safety of the Devon Slide 
has been carried out using the general non-circular limit equilibri- 
um analysis described by Morgenstern and Price (1965). Of particular 
interest is whether the analysis will predict a factor of safety of 
unity using measured strength parameters and observed water pressures. 

The attitude of the slip surface in the bentonitic clay is 
known from observations in the pits and borings. The inclination of 
the back scarp of the slide was measured and it ranges between 30° 
and 35° to the vertical. The point of emergence of the slide on the 
slope has also been mapped. Therefore only the details of the slip 
surface where it passes from the inclined portion to the horizontal 
section are unknown. Preliminary calculations with assumed strength 


Parameters indicated that the slip surface shown in Fig. 4.9. is the 
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most critical and detailed calculations have been carried out on 
it. The results are not very sensitive to variations in the shape 
and position of this slip surface within the constraints imposed 
by the field observations. 

The relation between the residual shear strength of the 
bentonitic clay and the Factor of Safety has been computed using the 
strength parameter for the back slope material cited in Table IV.3. 
This relation is shown in Fig. 4.10. Zero water pressure was taken 
as acting on the shear plane in the bentonitic clay while the water 
pressure in the back slope material was computed from the piezometric 
level observed in Borehole No. 3. It may be noted from Fig. 4.10. 
that for the average residual angle of shearing resistance, 8°, the 
Factor of Safety is 1.01. For the whole range of observed values of 
residual strength, 5° to 10°, the range in the Factor of Safety is 
0O582'te PlIS Using 8° for the bentonitic clay and putting c' = 0 
for the back slope material gives a Factor of Safety of 0.83. It 
would appear that although c' is difficult to determine with accuracy, 


it must have been acting when large movements began. 


Concluding remarks 


The Devon Slide is a first-time occurence of a slip move- 
ment. However, it is actually a small portion of a pre-existing 
large slump block that probably moved during valley formation. The 
Devon Slide was triggered by an excavation at the toe that removed 


support from over a bentonitic clay layer. The clay layer was 
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sheared in place prior to the slide and therefore was at its resi- 
dual strength. Cracks in the slope prior to the excavation were 
evidence that the slope was only marginally stable and that some 
reduction in shearing resistance may have been taking place. The 
time lag of about two months between excavation and failure may 
have been associated with pore pressure equalization. 

A Factor of Safety of 1.01 is obtained from a limit equi- 
librium analysis using strength parameters for the weathered mud- 
stone and bentonitic clay found from laboratory tests. Pore water 
pressures observed in the field were used in the analysis. It 
should be noted that comprehensive case histories of first-time 
movements in fissured materials are rare (Skempton and Hutchinson, 
1969) and it is of particular interest that the measured strengths, 
observed water pressures, and analysis give a consistent interpre- 
tation of the Devon Slide. The presence of both softened and unsof- 
tened material in the back slope suggests that a decrease in shear- 
ing resistance due to weathering and an increase in water content is 
an important mechanism in the development of slides in this material. 

The decrease of shearing resistance due to softening was 
considered in a similar manner for the Lesueur Landslide (Thomson, 
1971) which failed in comparable material. The slope failure could 
be explained far more conclusively than in the previous investigation 


in terms of partly softened strength for the back slope materials 
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and residual strength along the bentonitic bedding plane. The confi- 
guration of the slide is shown in Fig. 4.11. The strength proper- 
ties, as reported by Thomson (1971), as well as the modified values 
are represented in Table IV.4. The results of the stability analysis 
(Fig. 4.12.) suggest that the strength of the back slope materials 
at failure was governed by g' = B' peak and c' = 340 psf for the ben- 
tonitic clay, assuming that the residual angle of friction along the 
bedding plane was g). = 10°, Because of the larger height of the slope 

the material appeared less softened and the strength less reduced 
than at Devon. 

The distribution of both water pressures and strength para- 
meters in the Devon Slide is extremely nonhomogeneous, but is not 
atypical of conditions in the Cretaceous bedrock of the Great Plains 
region of Western Canada and Northern United States. When such non- 
uniform conditions are encountered, detailed studies are needed to 
obtain knowledge of representative stratigraphy and the water 
pressure distribution. Unless continuous sampling is employed, 
critical bentonitic layers may be missed and unless the positions 
of piezometers are chosen with care, misleading information may be 
obtained. For example, if the water pressure distribution in the 
Devon Slide had been deduced from the level of water in the well 
close to the slide, a shear strength close to the peak value of 
the bentonitic clay would have been required to account for the in- 


stability. A piezometer near the slip surface was required in order 


| (ar ay 
De APRN aT” SONAR a in ~ 
“a ce ae Brasiaanie 


: is | al styssien wise: fod ads to BF nde c: 
a | saad Sd 0% aq OBE? *D bn seo'® = “a wh bomovon: 200 
an st panies cute ! : 


ant paots. noltoint 49 ofons Tsubienn ren 
|  ggole ails to. tdpton sepnet ant: ‘Te inde 
f° /  BeSubesr ica tapnerse: ori bre’ bonsatbe seat ruse fe 
| SBNBE. sivonenae bie aonwizeayg aedaw t09 to a 
| tone 14 yd < hosmepomortnan viomets 9 ee usta. sovee va 
Y ; 2ntsih tsewiond Fe Apovbed ecetadioiduaiactidins ti 
a anal 2 nen, 2atnd2 bot hn. Heiss bas eben. 
ry, | # baba an. 2orbnte oftsaob <bovetiiudan art 
i abel oily! bas uiserordonte svt rer } Yo 
ebave Fama: at eof tee 0 : ro] 


anott ized anid zeotru bid t jeztn od” 


30 yam nottsonaRat — oii i | i. ee 


 & 40: ute Ase site ot s2089 i 2. ia, - 
“ti ant ae srvoeo8! or on | wore he 


tt 


142 
to determine the relevant water pressure. Furthermore, had borings 
not been undertaken outside the area of the slide, the sheared clay 
beyond the slide would not have been detected and the interpretation 
of the mechanisms causing the Devon Slide would have been altered 


radically. 


2.2. Failure of Peace River Bridge at Taylor, B.C. 
Hardy, 1966; Pennell, 1969 | 

In October 1957 the Peace River Highway Suspension Bridge 
near Taylor, B.C., failed 15 years after its completion, not because 
of structural defects, but due to geological conditions. The bridge 
failure was the subject of several investigations and has been de- 
scribed by Hardy (1966). Pennell (1969) quoted the slide as an example 
of progressive failure since the failure occurred within a little ce- 
mented shale at residual strength values. In the light of the results 
obtained from the present study it seemed very unlikely that pro- 
gressive failure had caused the residual strength values. It rather 
appeared that the residual strength values had developed during pre- 
vious old landslides which occurred when the Peace River was cutting 
its present channel. Hence a reinvestigation of the case was under- 


taken using the results of previous investigations, air photos, and 
local site inspections. 


Geology 
The Peace River district in the area is underlain by flat- 
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lying, nonmarine shales of the Fort St. John Formation of Upper 
Cretaceous age. They dip slightly southwards. The shales had been 
preloaded by several thousand feet of sediments and consequently 
unloaded due to erosion, which removed about 2000 feet of overbur- 
den. Surficial deposits, consisting of till, sands, gravels, and 
lacustrine silts and clays, cover most of the bedrock of the district 
(Jones, 1966). 

The North side of the Peace River, on which the slide oc- 
curred, is characterized by a semi-circular high level gravel terrace 
about 200 feet above the level of the Peace River (Fig. 4.13.) with 
generally steep slopes towards the river. This terrace was formed 
subsequent to the last ice age. The gravel deposits, which are 
about 100 feet thick, overly the bedrock which is exposed along the 
North banks of the river and in some of the deeper ravines. The 
slopes of the Peace River Valley within the area are generally cha- 
racterized by extensive slumping which was likely initiated when the 
river was eroding its present channel. 

History and movements of slide 

The Peace River Bridge was built in 1942 as part of the 

Alaska Highway. On the North side of the river the anchor block and 


the cable bent foundation were placed on bedrock, beneath the gravel 


layer. 
In 1942 at the time when the bridge was built the main 


channel of the river was positioned along the South shore, but by 
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1948 it had shifted attacking the North bank over the length of the 
later slide (Hardy, 1966). Accompanying this shift in river channel 
scour developed below the North tower foundation requiring under- 
pinning of the foundation in 1948. In 1952 the first evidence for 
horizontal movements of the North anchor block appeared. During 1956 
and 1957 a natural gas scrubbing plant was built on the flat imme- 
diately North of the bridge. The water intake for the plant was 
built at the edge of the lower bench about 650 feet upstream from 
the bridge immediately to the left of the later scarp (See Fig. 
4.14.). The pipe-lines from the intake to the plant were carried 
along the lower bench below the bridge North of the cable bent, 
and up the face of the bank about 200 feet East of the center line 
of the bridge. No excavation was made for the pipes along the bench. 
The gas scrubbing plant started operating in the summer of 1957. 
In 1957 the total precipitation was about 80% above the average of 
the 35 years for which records are available; 70% of this occuring 
during the summer months (May to October) in 1957. Due to the surface 
run-off, which had been collected in the road ditches and discharged 
over the bank on either side of the anchor block, severe scour deve- 
loped. In September 1957 there was visual evidence of movements. From 
1952 to 1957 the top of the North cable bent had shifted southward 


by 1.08 feet, and the North anchor block had tilted with a horizontal 


movement of 1.6 feet. 
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"In October 15th by mid-afternoon a break in the lines of 
the water system of the gas plant was detected. At midnight it was 
clear that all lines were broken and the plant was shut down. For 
a period of several hours prior to the shut down the pumps were 
delivering 18 000 GPM water much of which was escaping into the bank 
and onto the lower bench only 200 feet East of the bridge. No marked 
deterioration in the bridge was detected until about 2.00 a.m. on 
October 16th. At this time a drop was discovered at the North end of 
the anchor block. This condition deteriorated rapidly and creep of 
the anchor block and cable bent foundation continued until the final 
collapse some eleven hours later." (Hardy, 1966) 
The extent of the landslide is shown in Fig. 4.14., as reported by 
Moran, Proctor, Mueser, and Rutledge, 1958. The North cable bent pier 
had moved riverward by about 15 feet and in a westerly direction by 
about 4 feet. The North anchor block had moved riverward by about 10 
feet. 
Field investigations 
Several series of borings had been made and test wells in- 
stalled in the vicinity of the slide (See Figs. 4.14., 4.15., 4.16., 
4.17.). These investigations included: 
a) borings from which samples were obtained to determine the 
types and engineering properties of the subsoils; 
b) exploratory borings to determine if zones of excessive pore 
water pressures existed; 
c) test wells, some of which were pumped to decrease hydrosta- 
tic pressures 5 
d) slope indicator installations. 


In 1967 block samples were collected of partially weathered shale to 


obtain residual strength parameters in terms of effective stresses and 
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pore pressures were measured (Pennell, 1969). In 1971 outcrops were 
studied by the author along the river bank as well as in a ravine 


of a small tributary. 

The bedrock materials were described in detail by Moran, 
Proctor, Mueser, and Rutledge in 1958. An excerpt of their report is 
quoted in the following: 


"General Characteristics 

The shale below approximately Elev. 1270 to 1280, 
about 50 ft. to 80 ft. below the low terrace, is relatively 
unweathered. It is dark gray or black, often massive in ap- 
pearance, horizontally bedded hard and has natural water 
contents of 3 to 9%; a landslide failure plane would not be 
expected to pass through such material. Shale closer to the 
ground surface exhibits weathering and is often a mixture of 
clay derived from the shale and of intact shale fragments. 
It may contain yellow or rust colored streaks, have water 
contents in excess of 10% and be much softer than the under- 
lying shale. This weathered material is erratic in strength 
and in water content due to nonuniform weathering. The upper 
portion of this weathered zone, and some lower sections also, 
have changed into a clay soil which often is almost devoid 
of shale fragments and which gives little indication that 
it was derived from shale. The natural water contents are as 
high as 20 to 30%. 

Significant Subsoil Characteristics 

A zone of pulverized or fractured clayey shale at about 
Elev. 1290 was found in borings along the Alaska Highway 
Bridge." (See Figs. 4.14., 4.15., 4.16.) "The water contents 
in this zone are generally about 20% and are substantially 
higher than the water contents of the immediately overlying 
and underlying shale. This zone is described as pulverized 
clayey shale and as fracturey shale in the borings made for 
R. C. Thurber & Associates Ltd. --- 

A zone of high water contents between about Elev. 1280 
and 1290 also is found in several of the other borings as 
can be seen by reference to ---" (Figs. 4.15., 4.16., 4.17.) 
"Our examination of the sample sent to us from Boring 11AS 
at a depth of 52 ft., or approximately Elev. 1296, showed 
that it consists of clay and mixed up shale fragments having 
random orientations, ---. It appears to have been seriously 
disturbed and reworked by shearing probably due to a land- 
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Slide. Another sample which exhibited serious disturbance 
apparently resulting from sliding was obtained at a depth 

of 65 ft., Elev. 1287, in Boring 5AS. Cur examination of 

the sample recovered at a depth of 80 ft., approximately 
Elev. 1278, from Boring 3AS showed that probably it has 

been disturbed by sliding. These borings are located within 
the slide area, which suggests that the disturbed samples 
and associated zone of higher water contents may represent 
the base of the landslide which occurred on October 15-16, 
1957. However, they may also represent the sliding plane 

of a much older landslide which occurred when the Peace 
River was cutting down into its present channel. This possi- 
bility is based upon the zone of weathered shale found in 
Boring 6AS, outside the failure area, at about Elev. 1292. 
The shale at this depth was weathered into a clay having the 
relatively high water contents of 21 and 27%, ---." (See 
Fig. 4.19.) 

"The above possibility is further indicated by the find- 
ing of gravel embedded in shale which is clearly foreign to 
shale. For example, in Boring 6AS a sample recovered from a 
depth of 65 ft., approximately Elev. 1293, contained quart- 
zite gravel foreign to shale embedded in a soil which was 
clearly derived from shale. Except for the quartzite gravel, 
this sample appeared to be original material derived from 
shale through normal weathering. The remaining few shale 
fragments were easily broken by finger pressure. A penetro- 
meter test on it indicated a shear strength of 0.7 ton/sq. ft. 
Boring 5WCT and several adjacent borings disclosed the pre- 
sence of substantial amounts of gravel within strata of clay 
apparently derived from weathering of shale. This was also 
found in Boring 7RCT at the Alaska Highway Bridge. The gravel 
persumably was entrapped by old slides resulting from erosion 
at the toe of the north bank of the river. The age of the 
slides cannot be deduced other than that they are post-Plei- 
stocene, as evidenced by the rounding of the gravel contained 
therein. The exposed shale bank immediately east of the slide 
shows unnatural mixed orientations of shale particles and 
foreign gravel particles embedded in the face. These suggest 
previous slides, but could conceivably represent local erosion 
and slope covering." 


The investigation of the outcrops outside of the slide area 
showed further evidence of previous slides. Outcrops "A" were located 


in the ravine of a small tributary East of the gas scrubbing plant, 
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along a continuous break, which is visible on the gravel flat 
(See Fig. 4.13.) and is believed to indicate the boundary of a large 
old slide block: contorted gravel and silt beds could be observed 
just above a fault zone within the bedrock (See Fig. 4.18.). Further, 
bedrock could be found which was dipping North contrary to the ge- 
neral southerly dip of undisturbed strata. 

Outcrop "B" was located in a small, rather shallow gully 
within the North bank of the river. A fault zone was indicated by 
a marker bed which was displaced by several feet. A number of springs 
was observed in the vicinity of the anchor block at the contact 
of the gravel and the shale (See Fig. 4.13). 

Water levels measured during the summer 1967 indicated le- 
vels generally consistent with the bottom of the gravel layer. These 
levels were similar to those reported at the same time of the slide 
mm t9573 

The samples from the test holes showed a range of natural 
water contents from 3% to 35%. Plastic Limits ranged from 16% to 25% 
and Liquid Limits from 25% to 48%. Intact shale showed in all cases 
natural water contents less than 9%. The undrained shear strength 
values cy varied from 14 000 to 56 000 psf for samples at moisture 
contents below 9% to values of 500 psf for samples at natural water 
contents of 33%. In Fig. 4.19. the undrained shear strength values 
Cy are plotted against the respective natural water contents wy. Tri- 


axial compression tests indicated effective peak strength parameter 
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of dy = 35° to 37° and ci = 10.4 psi (Hardy, 1967). From the block 
samples the residual angle of friction was found to be g) = 15° to 16° 
(Pennell, 1969). The Properties and parameters of the shale are sum- 
marized in Table IV.5. 

Slope stability analysis 
Pennell (1969) analysed the slide in terms of effective 
stresses, using Morgenstern and Price's slope stability program 
(Morgenstern and Price, 1965) on the basis of the following data: 
1) The failure plane was located horizontally at elevation 
1290 in the shale. Evidence for the failure plane was the 
zone of pulverized shale. 
2) The piezometric head was located at the bottom of the gra- 
vel layer as measured in the test holes. The river level 
existed at elevation 1320. 
When applying the residual parameters C. = 0 psf and 0. = 16° Pennell 
found a Factor of Safety Fo = 1.0. For peak strength parameters the 
Factor of Safety was 3.3. 
Concluding remarks 


On the basis of the results from the stability analysis 
Pennell concluded: 


"___. the fundamental internal cause of the slide was the de- 
crease in strength of the clay shale from the peak to the residual." 


The stability analysis shows that failure occurred at strength para- 
meters which were close to residual within the shale. 


It appears, however, that the slide was not caused by "the 
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decrease in strength of the clay shale from the peak to residual". 
The results of the investigation show quite unambiguously that the 
failure had taken place along an old slip plane. Evidence for pre- 
vious sliding is given by 
1) shear zones in boreholes outside of the slide area (Moran, 
Proctor, Mueser, and Rutledge, 1958), 
2) faulted bedrock in outcrops below the gravel deposit, 
3) air photos which suggest that the North abutment of the 
bridge is situated in an old slide zone. A break in the 
gravel surface possibly indicates the boundary of the old 
Slide block. This assumption was supported by the observa- 
tion of fault zones in bedrock outcrops right below this 
break. 
Previous sliding probably occurred when the Peace River was cutting 
down into its present channel. It can be assumed that the present 
river banks are close to a metastable equilibrium. Relatively minor 
changes along the slope very likely reactivated movements. The bridge 
construction, the shift of the river channel, and finally the excessive 
precipitation were reasons enough to cause a new failure. Further sof- 
tening of the back slope might have happened resulting in a deterio- 
ration of cohesion. 

The delay of 15 years can be explained by the time depen- 


dent accumulation of the above factors, but could also be due to the 


Slow equalization of pore pressures. Unloading of the slope during 
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construction of the approach road to the anchor block might be re- 


flected in the effective stress conditions only at a later date. 


2.3. Bjerrum's Cases 

Bjerrum tried to prove his theory of progressive failure 
by a number of case histories, in which failures were described at 
strength values near residual. These cases will be discussed in the 
light of additional information which could be obtained more recently. 
It will be shown that none of the quoted case histories constitutes 
a conclusive example of his mechanism affecting c' and ¢'. 
Slide in Sandnes, Norway, (1963 

The landslide in Sandnes occurred in 1963 within an area 
which formerly was a brick.clay-pit that had been abandoned in 1952. . 
The original geological conditions before the clay-pit was excavated 
are shown in Fig. 4.20. Below a blanket of sandy till were found in 
succession three horizontal layers of interglacial overconsolidated 
clays of high strength. The top layer was a sandy low plasticity clay, 
overlying a 30 to 45 feet thick deposit of stiff fissured plastic 
clay, with a water content just above the Plastic Limit. The lower 
clay was characterized by a high water content, which was approximately 
equal to the Liquid Limit. Embedded in the lower silty clay was a con- 
tinuous sand layer with a thickness of about 2 feet. The sand layer 
was asSumed to communicate with the groundwater in the backland and 
hence caused artesian conditions near the toe of the slope. 


The slope was reported intact in the middle of the last cen- 
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tury with no signs of slides or movements; the average inclination 
of the slope was then 5 horizontal on 1 vertical. 

In 1878 a brick works was built at the toe of the slope 
and production was started using the sandy clay excavated from the 
Slope. Around 1900 when the sandy clay had been removed and the 
plastic clay became exposed, a deep seated failure was initiated, 
which started with a bottom heave. As excavation of the clay at the 
toe of the slope continued, successively greater and greater parts of 
the slope became involved in the slide (See Fig, 4.21.). Over the 
years, a procedure of excavation was adopted which made full use 
of the deep seated movements. Over the summer period clay was ex- 
cavated in a pit at the toe of the slope. During winter excavation 
was stopped and in spring when the work was resumed the pit had filled 
itself with failed mass. When brick production was abandoned in 1952, 
the slope had been disturbed by a succession of slides (See Fig. 4.21.). 

In 1952 the area was bought by the city of Sandnes for an ex- 
pansion of the residential area, after the possibility of deep seated 
Slides in the clay had been excluded. In 1955 the grading of the area 
was started. In the fall of 1956 after a period of heavy precipitation 
a crack was observed which approximately followed the scar of the later 
failure. 

In August 1963 a relatively shallow excavation at the toe of 
the slope, which exposed the plastic clay, triggered a large slide. A 


stability analysis showed that the strength along the failure zone 
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within the plastic clay was close to residual. The clay had already 
been strained so far beyond failure by the previous landslides during 
the clay mining operation that no further reduction of strength 
would be expected. Consequently the movements could be stopped by re- 
latively modest means. 

Bjerrum's explanation of the slide from August 1963 was thus 
that 

"by progressive failures a continuous sliding surface had 
ee along which the shear strength was reduced to its residual 
The author believes that the continuous sliding surface had already 
developed before, as a result of the many slope failures which had 
happened during the clay mining operation. These slides again had 
been caused by the unloading of the toe of the slope during exca- 
vation. The time lag between excavation in the fall and failure during 
the winter had very likely been caused by groundwater changes or sof- 
tening. 
Excavation for Freeway in Seattle, USA, 1962-1963 
Wilson, 1964; Palladino, 1971 


During the construction of the Seattle Freeway cuts were ex- 
cavated which caused serious stability problems. In most cases a dense 
glacial till was overlying a deep formation of lacustrine, overconsoli- 
dated medium plastic clay of high strength. The clay is partly varved 
and exhibits a system of fissures and joints. Particularly, cuts exca- 


vated through the glacial deposit into the plastic clay caused serious 
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Stability problems. Many of the slides could be explained only in 
terms of residual strength along the horizontal parts of the slip 
plane. | 

Bjerrum suggested that these low strength values were 

"excellent examples of the development of a slip plane by 
progressive failure resulting from the removal of the lateral sup- 
port on an unweathered overconsolidated plastic clay." 
More recent investigations (pahladind, 1971; Hendron, 1971), however, 
revealed the presence of pre-existing sliding surfaces in the clay, 
along which residual strength values were obtained. The failure sur- 
faces had been referred to the almost complete reduction in the la- 
teral support of the valley slopes upon deglaciation. Slip planes 
also could have developed during glacial ice movements. 
The Culebra Slides, Panama, (USCE, 1970 

Until recently the large failures along the Panama Canal 
could only be explained in terms of residual strength along the ho- 
rizontal zones of the slip plane. These strength characteristics, as 
well as the sometimes substantial time lag between excavation and 
failure, made Bjerrum believe that these slides could have been 
caused by a mechanism of progressive failure. In recent more detailed 
investigations the shear strength was measured (Banks, 1972) and pore 
pressure readings had been obtained, which showed that in many places 
the pore water pressures were below the canal water level (USCE, 
1970). These observations indicated completely different conditions 


than previously assumed. The strength criteria suggested in 1947 
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(MacDonald, 1947), e.g. 6 = 15° andc = 1.15 tsf, were found to be 
very conservative for slopes in the order of 600 feet but not for 
slopes about 300 feet and lower. From large shear tests in the field 
as well as from direct shear tests on slaked Culebra Shale zero co- 
hesion and peak angle of friction (f' = 19°) were found to be the go- 
verning strength parameters (Banks, 1972). Stability analysis for 
first-time slope failures at the East and West Cures Slides indicated 
field shear strength of ¢' = Break and c' = 0. The time lag between 
excavation and failure possibly can be attributed to the slow dissi- 
pation of the negative pore pressures in the slopes, which had been 
caused by the unloading process during excavation. Also strength loss 
during softening can add to the delay of failure. 
Slides in the banks of the river Volga, USSR (Popov, 1951; Zaruba and 
Mencl, 1961) 


The geology of the wide plains between Gorki and Stalingrad 
in the USSR is characterized by sandy Tertiary deposits which are un- 
derlain by Jurassic shales and covered by glacial and alluvial sandy 
materials. The river Volga has cut itself through the upper cover of 
more or less sandy rocks and soils, forming steep banks along both 
sides of the river. Where the river has cut into the underlying Ju- 
rassic shales, huge slides occurred and are still occurring. The 
slides were reported to happen mostly along a horizontal plane. Bjer- 


rum explained these slides in terms of progressive failure caused by 


the horizontal expansion of the shale (See Fig. 4.22.). 
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The slides along the banks of the river Volga appear very 
similar to the slides which are characteristic of the river valleys 
in the Great Plains of North America, and they probably can be ex- 
plained in a similar manner. Pre-existing sliding planes along bedding 
planes, particularly along the interface between softer and harder ma- 
terials are common features in the argillaceous sediments of the 
plains (Matheson, 1972). Daylighting of these zones of weakness by the 
erosion of the river very likely caused failure of the slopes along 
these zones. A study of the landslide distribution along rivers in 
Alberta (1972) also indicated a strong correlation to the position of 
the groundwater table. 

Slope failures at South Saskatchewan Dam (Ringheim, 1964) 

In connection with the excavation for the South Saskatche- 
wan Dam project in Canada, various slope failures occurred in the 
banks of the South Saskatchewan River within weathered Bearpaw Shale. 
It was reported that most of these failures had been the direct re- 
sult of stress changes caused by the excavation. The planes of move- 
ment were always near the bottom of the weathered zone and in almost 
all cases nearly horizontal. Residual strength was the governing 
strength along the horizontal slip planes. Bjerrum explained 

"that the movements were a result of an energetic tendency 
of the upper weathered clay to expand laterally, proving that the 
clay must have possessed a large amount of recoverable strain energy. 


--- the excavation gave the clay an opportunity to expand laterally, 
leading to the development of a continuous sliding surface by pro- 


gressive failure." 
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It appears clear, however, that these failures are not examples 

for progressive failure since they were clearly reactivated slides. 
The banks of the South Saskatchewan River are characterized by ex- 

tensive old landslides which had occurred along horizontally bedded 
strata and had reduced the strength to residual along these planes. 
Since these slopes are metastable, relatively small changes within 

these zones can cause further movements. 

The point that all failures had occurred only within the 
weathered zone, can be explained by the observation that the regions 
of old landslides are commonly strongly weathered as a result of the 
disturbances which had occurred during sliding (Esu, 1967; Nakano, 
1967). As was shown previously weathering decreases the strength of 
a soil, which also might have augmented a tendency for instability. 
Slope failures at Balgheim, Germany, 1957 (Einsele, 1961 

Shortly after the excavation of a trench for a water line 
two slides occurred in weathered colluvial material which was over- 
lying a heavily overconsolidated shale of Jurassic age ("Braunjura Pie 
The slides were about 250 metres apart, situated at the same level of 
a rather gentle mountain slope. The one slide was found to have 
failed along a pre-existing shear plane which was located right on 
the interface between weathered colluvium and unweathered bedrock. 
The second slide (See Fig. 4.23.) also failed along the same boundary 
of materials; however, no slip plane could be detected outside the 


failure zone. It was concluded that the plane of failure was not a 
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pre-existing slip surface. Slickensides which could be observed with- 
in the slope material showed a very different inclination from that 
of the failure plane and thus could not be correlated with the failure. 
The mobilized shear strength along the failure surface was found to 
be lower than predicted from laboratory tests for both cases. Below 
the location of the second failure three terrace-like features had 
been reported. Because of their regularity the possibility of lobes 
resulting from earthflows was excluded and they were interpreted as 
man-made, old agricultural terraces. However, there was clear evi- 
dence from the mineralogy of the weathered colluvial material that 
it had been carried down the mountain slope during the Pleistocene 
by periglacial earthmovements and mudflows. Underneath solifluction 
sheets, continuous slip planes should be expected (Skempton and Pet- 
ley, 1967; Weeks, 1969). 

The pre-existing slip plane which had been observed for the 
first failure could be explained by the periglacial movements. Since the 
colluvial material basically was the same at both locations it can be 
argued that the second slide, being only 250 metres away, also oc- 
curred along an old slip plane. 


Slide at Jackfield, England, 1952 (Skempton and Henkel, 1954; 


Skempton, 1964 


The landslide at Jackfield involved the weathered zones of 
the valley slopes of the river Severn, England. It had been investi- 


gated and described by Skempton and Henkel (1954) and was referred to 
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again in Skempton's Rankine Lecture (1964). The Slopes in which the 
Slide occurred were reported as being covered by a mosaic of land- 
slides of varying ages. Therefore it is clear that the present failure 
occurred along the slip plane created by the previous landslides. 
Hence this case history is not useful in studying quantitatively me- 


chanisms of progressive failure. 


2.4. Other Case Histories 

Far more studies of landslides exist which have been re- 
ported as failures at strength values close to residual and conse- 
quently have been explained by some mechanism of progressive failure. 


Some of the more detailed reports will be discussed in the following. 
Gradot Ridge landslide, Macedonia, 1956 
(Suklje and Vidmar, 1961; 


A very large catastrophic landslide occurred in September 


Skempton and Hutchinson, 1969 


1956 in the West slope of the Gradot Ridge, Macedonia, filling the 
valley of the Vatasha River up to a depth of 70 metres (See Fig. 4.24). 
The slope had failed along the top of a stiff lacustrine clay of Plio- 
cene age, which was overconsolidated by the erosion of the valley. The 
clay is overlain by a thick bed of well compacted silt, followed by 
weakly cemented sandy gravels and capped by an andesite tuff. The 
strata are dipping at 4° towards the valley. The soil properties are 
Summarized in Table IV.6. Along the upper boundary of the slide a 
discontinuous series of deep cracks had been observed for at least 


50 years. The largest crack was about 20 metres long, 1.30 metres 
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wide and more than 30 metres deep. A year before the failure the 
top of the future slide subsisted by 0.2 metres. Further evidence 
of movements was reported some weeks before the final collapse. 

The slide area is situated in a zone of severe earth- 
quakes. A stability analysis of the slide, assuming a continuous 
crack through the tuff cap and zero cohesion and peak friction 
angles along the entire slip plane, resulted in an average Factor 
of Safety F, = 1.14. This suggested that the strength parameters 
mobilized during failure along the clay zone were c' = O and 
g' < B'neak: Skempton (1969) thus proposed that some progressive 
failure had reduced the angle of friction to a value less than peak. 

The cracks observed within the slope long before the slope 
failure indicate that the slope might have been always close to a 
metastable equilibrium. Therefore it can be assumed that the strength 
along the clay-silt interface was always close to the strength value 
which had been activated during failure. Reduced strength along bedding 
planes, especially along the interface of softer and harder layers 
have been commonly observed (Schultze, 1956; Dolezalek and Duero, 1962; 
Esu and Calabresi, 1969; Conlon and Tanner, 1971). Zero cohesion, pos- 
sibly even a reduced friction angle, could be the governing strength 
parameters. The frequent earthquakes might have further reduced the 
strength within the slope, not only along the clay-silt interface, but 
also within the back slope materials by overstraining. In addition sof- 


tening processes might have reduced the strength of the back slope 
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starting along the observed cracks. A further reason for the decreas- 
ing stability of the slope could have been the progressive erosion of 
the Vatasha River. It was reported that the movments started at the 
northern part of the slope, where the river had already exposed the 
clay layer along which the slip occurred. 

The slide can be explained as a failure along a zone of 
weakness triggered by the summation of the above factors. Consider- 
ing the crudeness of the investigation the Factor of Safety of 1.14 
is already indicative for instability, and cannot be conclusively 
used aS an argument for progressive failure. Particularly, the water 
pressures, which were assumed according to wells in the slope, are very 
likely only rough approximations of the true conditions. 

Failure in an open pit mine, Germany, 1966 
Breth and Wanoschek, 1970; Wanoschek and Schmidt, 1970) 

In November 1966 the slopes of a waste tip failed within 
an open pit mine which had been abandoned some 50 years ago. Since 
its deposition no movements had been observed and it had been con- 
sidered stable until six days before the failure, when the first 
cracks were observed. No changes of the fill had been reported. How- 
ever, the water table of a pond situated at the foot of the slope 


had risen constantly by 2 metres within the three years previous to 


the slide (See Fig. 4.25.). 


The fill of sandy, gravelly waste materials had been placed 


on top of a thin layer of coal, which was overlying a stiff medium 
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plastic clay. The clay layer was dipping at approximately 2 degrees 
towards the excavation into which the slope had slid. The soil pro- 
perties are summarized in Table IV.7. From the test results and the 
Slide behavior it had been assumed that the slip occurred along the 
coal clay interface within the clay. The slide stopped after it had 
moved about 20 metres. 

Six piezometers were installed after the slope failure and 
the pore water pressures have been measured over a period of one year. 
The measured water levels are indicated in Fig. 4.25. The strength 
parameters of the fill were found to be ¢' = 35° and c' = 0 and for 
the coal ¢' = 31° and c' = 1 t/m*. The clay was tested in ordinary 
shear tests and in the "Vienna Routine Shear Test" (Borowicka, 1963). 

A surprisingly low angle of friction at peak of 16° was reported. The 
residual angle of friction was after very large strain 0 Fast dual Seo s 
Also this value appears very low, when compared with the Plasticity 
Index obtained for the clay (Bjerrum, 1967). In the consolidated un- 
drained triaxial tests with pore pressure measurements very little 
reduction of strength after peak could be observed even at large strains. 

The cohesion had been assumed zero. They attributed this re- 
duction to the unloading during the mining operation. The influence of 
the variation of the groundwater table on the slope stability has been 
investigated. In Fig. 4.26. the slope is shown, and for several ground- 
water tables, the corresponding critical failure surfaces and the cor- 


responding average angle of friction at failure along the clay inter- 
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face are indicated. It can be noted that after the rise of the water 
table in the pond a markedly higher strength along the clay-coal inter- 
face was needed for stability than at the previous lower water table. 
For groundwater condition "D" failure would have occurred at 
Pee A aa edtt B’ peak = 17°, while for groundwater condition "B" failure 
would have occured at Bimobi lized < 10° which is already close to the 
residual angle of friction. Taking in account the change in geometry 
the failed slope was found to be stable at an effective angle of 
friction along the coal-clay interface of ¢' = 7° to 10°. 

From the low angle of friction after failure as compared with 
the peak value the authors of this study concluded that a mechanism of 
progressive failure had caused the slope to fail. It was believed that 
the increase of the water table had caused the shear strength along the 
coal-clay interface to pass the peak at one point and that consequently 
failure began spreading progressively from this point. However, the 
very flat-topped stress-strain curves of the clay which had been ob- 
tained from the triaxial tests, indicate that progressive failure would 
be very unlikely in this kind of clay. Extremely large strains are need- 
ed to cause a marked reduction in strength. The low angles of friction 
which had been computed for the slope after failure could develop only 
following very large strains, which in fact had taken place during the 
slope failure. Movements along the base of more than 20 metres were re- 


ported. 


The clay showed the strength characteristica of a normally 
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consolidated or remoulded material probably due to the presence of 
joints, fissures and slickensides. Discontinuities within the clay 
have not been reported in this study. However, slickensides have 
been widely described as a characteristic feature of underclays, par- 
ticularly for the underclays of the North West German brown coal re- 
gions (Dolezalek and Duero, 1962; Schultz, 1958). Some authors 
(Schultze, 1956) could even measure effective angles of friction 
along the interface between coal and clay which were substantially 
below the peak value of the clay. Instabilitv could also be ex- 
plained by the rise in water table. For a groundwater table as as- 
sumed by situation "D" (See Fig. 4.26.) the slope was found instable 
for an angle of friction close to peak. The time gap of several months 
between increase of water level and failure can be accounted for by 
delayed pore pressure equalization. 

Failure in a slope of overconsolidated plastic clay, Germany, 
1961 - 1969 (Wanoschek and Schmidt, 1970) 

In 1961 a slope started to slide which in 1955 had been 
steepened by a fill on top and a cut on the toe (See Fig. 4.27.). 
The inclination of the original natural slope was around 8 degrees. 
The slope material was a stiff fissured Tertiary clay of high plasti- 
city. The soil properties, varying with depth, are summarized in 


Table IV.8. 
The clay within the failure zone was found markedly softer 


than the clay from below. From triaxial tests the angle of friction 
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was found to be g' = 24.5° for the materials from below the failure 
zone and $' = 9.5° for the materials from the sliding zone. 

Because of the low angie of friction in the failure zone 
and the time lag between excavation and failure the slide was de- 
scribed as progressive failure. It appears, however, that the slide 
was simply caused by the loading of the top and the unloading of the 
toe of the slope. The delayed failure can be referred to the slow 
dissipation of the excess pore pressures. The failures were gene- 
rally very shallow and were restricted to the weathered zone. The 
flatness of the natural slope as well as its hummocky surface sug- 
gest that the slope had been affected by old shallow landsliding 
or periglacial solifluction as had been observed for London Clay 
(Weeks, 1969; Skempton and Petley, 1967). These periglacial move- 
ments would explain the low values of internal friction which had 


been measured for the clay from the slide zone. 


3. Slope Failures in Materials with Unstable Stress Strain Curves, 
where the Average Shear Strength Mobilized along the Failure 


Surface was at Peak 


Slope failures where an average shear strength along the 
failure surface close to peak was mobilized in spite of unstable 
stress strain properties of the failed materials indicate insubstan- 
tial influence of the effect of nonhomogeneous stress distribution 


along a potential slip plane on the stability of slopes (Turnbull 
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and Hvorslev, 1967). Nonhomogeneous stress distribution can be 
expected to occur in any slope within overconsolidated materials. 
Thus, if a nonhomogeneous stress distribution does in fact cause 
locally reduced strength values, there should be no slope failure 
where the mobilized average shear stress along the failure surface 
is equal or close to peak strength. 

There are a number of well documented cases for which 
failures at peak strength values had been observed, such as the 
Slides in Lodalen (Sevaldson, 1956), Selset (Skempton and Brown, 
1961; Skempton, 1964), along the Kimola Canal (Kankare, 1968), 

Selnes (Kenney, 1968), and in the Welland Test Pit (Kwan, 1971). 

These examples, however, cannot be considered as conclusive arguments 
against nonhomogeneous strength mobilization, because in all these 
cases the materials had non-brittle and almost flat-topped stress 
strain curves. Here substantial strains result in small strength re- 
duction. Nevertheless, a wee substantial drop of strength from 
peak to residual can be expected, after extremely large shear strains, 
probably in the range of 20 to 30 percent. The flat-topped stress- 


strain curves also inhibit softening. 


It is of interest to indicate how flat-topped the stress 
strain curves have to be so that strength reductions during pre- 
failure movements are unlikely to occur. In order to describe the 
shape of the stress strain curve quantitatively it is convenient to 


introduce an index which compares the work done during stable yield- 
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ing and unstable yielding (See Fig. 4.28.). The Work Softening Index 
describing the flatness of the stress strain or load deformation 


curve is defined as: 


A 
oT, 


in which Aj] = work done during stable yielding, as described by the 
area between the points A-B-C-E 


Ao = difference of work done during stable and unstable 


yielding, as described by the area between the points 

B-C-D. 
This new index appears preferable to the Brittleness Index Ip and the 
Rupture Index In as defined by Bishop (1967). The Brittleness Index 
compares peak strength with residual strength values. The above mate- 
rials, however, indicate substantial differences between peak and re- 
sidual strengths, and therefore cannot be differentiated from materi- 
als with distinct peaks on the basis of the Brittleness Index. The 
Rupture Index like the Work Softening Index describes the stress- 
strain curves in terms of strain energy, but considers only the 
post peak behavior of a soil and hence ignores the ductility. The Work 
Softening Index is concerned with the complete stress strain behavior. 

For most materials with very flat-topped stress strain curves 

data is incomplete and the shape of the curves have been estimated as 
shown in Fig. 4.29. The residual frictional angle could be obtained 
from the Plasticity Index of the material as suggested by Bjerrum 


(1967). The Work Softening Index was computed for stress strain 
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curves at stress levels representative for the landslide. 

In Fig. 4.30. the Work Softening Index is plotted against 
the Factor of Safety for actual failure computed using peak strength 
parameters. It may be noted that for materials with ly < 0.2 the 
Factor of Safety in terms of peak strength was around 1. Beyond the 
value I = 0.2 the Factor of Safety in terms of peak strength in- 
creased rapidly with increasing ly - values. This illustrates the magni- 
tude of strength reduction that might occur before failure in soils 
with unstable stress strain curves. It can be concluded that in slightly 
overconsolidated non-fissured clays with flat-topped stress strain 
curves, as described by I < 0.2, the likelihood of progressive failure 
in practice is small. Therefore slopes in these materials might be de- 
Signed in terms of peak strength even for long-term conditions. The 
presence of open fissures, however, could lead to Terzaghi-softening 
and resultant strength reduction, even in this kind of materials. 

For the material of the slopes of the upper Kimola Canal at 
Section 43+00 (Kankare, 1968) the Work Softening Index was Iy = 0.35, 
which is indicative of the possibility of some form of progressive 
failure. However, the slopes have not failed so far, although several 
smaller slips occurred in the vicinity. By using Bishop's simplified 
method for a circular arc and applying the most critical pore pressures 
which had been measured a Factor of Safety was found to be 1.17 in 
terms of peak strength. In terms of fully softened strength parameters 


(c' = 0 and ¢' = $ peak) the Factor of Safety was 0.76. No progressive 
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failure due to nonhomogeneous stress distribution has occurred so 
far, again indicating the limitations of this mechanism. However, 
if joints have opened during the deformations which might have oc- 
curred, Terzaghi-softening can cause strength reductions and pos- 


sibly failure of the slope some time in the future. 
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FIG. 4.1. DEVON SLIDE: | 
MAP SHOWING LOCATION OF LANDSLIDE 
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FIG. 4.2. DEVON SLIDE: 
MAP OF SLIDE AREA 
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FIG. 4.7. DEVON SLIDE: 


EXAMPLES OF STRESS STRAIN CURVES FOR SOFTENED 
AND UNSOFTENED BACKSLOPE MATERIALS 
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FIG. 4.20. BJERRUM'S CASES: 
ORIGINAL GEOLOGICAL CROSS SECTION THROUGH 
THE SANDNES SLOPE WITH GEOTECHNICAL DATA OF THE CLAY 


(AFTER BJERRUM, 1966). 
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FIG. 4.21. BJERRUM'S CASES: 


RECONSTRUCTION OF THE GRADUAL DEVELOPMENT OF FAILURE 
IN THE SANDNES SLOPE DURING BRICK PRODUCTION 


(AFTER BJERRUM, 1966). 
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FIG. 4.22. BJERRUM'S CASES: VOLGA SLIDE (AFTER POPOV, 1951). 
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FIG. 4.24. LANDSLIDE AT GRADOT RIDGE, MACEDONIA 
(AFTER SUKLJE AND VIDMAR, 1961). 
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FIG. 4.26, FAILURE IN OPEN PIT MINE, GERMANY: 
INFLUENCE OF GROUNDWATER VARIATIONS 
ON SLOPE STABILITY ALONG PROFILE A-A 
(AFTER BRETH AND WANOSCHEK, 1970; 
WANOSCHEK AND SCHMIDT, 1970). 
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CHAPTER V 


ANALYSIS OF THE PORE PRESSURE CHANGES 
FOLLOWING THE EXCAVATION OF A SLOPE 


1. Introduction 

Excavation of a cut causes unloading of the ground, which 
consequently expands under undrained conditions, and leads to pore 
pressure reductions as described by Bishop and Henkel (1953). The pore 
pressures immediately after excavation tend to equalize until steady 
Seepage conditions are reached. During this process of dissipation of 
excess pore pressures the effective stresses in the ground change. Since 
the excess pore pressures due to unloading are mainly negative with re- 
spect to the final equilibrium conditions they increase and hence cause 
the average effective stresses in the slope to decrease. This reduction 


of the average effective stress may lead to failure of the slope. 


2. Description of Analyses 
2.1. Analysis of Pore Pressure Changes due to Unloading 


The total stress changes due to excavation of a slope in a 
homogeneous, isotropic, elastic material may be calculated by a Finite 


Element Analysis. In the present study a Finite Element program was used 
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which was written originally by Wilson (1963) for plane stress or 
strain analyses of solid mechanics problems. It has been modified for 
automatic generation of nodes and elements and for the calculation of 
pore pressure changes according to Skempton(1954). Constant strain tri- 
angles are used in the program. The unloading effect is simulated by 
applying stresses to the excavated surfaces which are equal in magni- 
tude but opposite in sign to the stresses in the ground before excava- 
tion (Duncan and Dunlop, 1969). The unloading stresses upon excavation 
are shown in Fig. 5.1. Assuming a water table equal to the original 
groundsurface and a hydrostatic pore pressure distribution the unload- 


ing stresses are: 


O= fe xh 
and 6, = Kooy + u 
= Ko(6,-u) U 


Koh (-Yw) + hy 
= h [Kol Je-fu) + Jal 


In which: 6% = vertical total stresses 
G6}, = horizontal total stresses 
yt = total unit weight 
hw = unit weight of water 


Ky = Coefficient of Earth Pressure at Rest 


u = pore pressure 


h = distance below original groundsurface 
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In order to minimize the influences of the boundaries, the dimensions 
and boundary conditions of the Finite Element model of the slope are 
chosen according to the suggestions by Duncan, Dunlop, and Seed 
(1968). In Fig. 5.2. the model is shown which has been used for the 
analysis of a slope with an inclination of two horizontal to one ver- 
tical (2 to 1). The width Dg is taken smaller ‘than suggested, assum- 
ing that the excavated pit has the width W = 2Dp. In order to increase 
the accuracy of the results for the slope zone a finer grid is chosen 
for the upper regions than for the regions below the base of the exca- 
vation. The magnitude of the Modulus of Elasticity is of no importance 
for the unloading process as long as a homogeneous, isotropic, elastic 
material is considered, and the magnitude of deformations is of no in- 
terest. Values of Poisson's Ratio Y have been reported to range between 
0.1 and 0.5 (Jaeger, 1964). If a soil is assumed incompressible VY is 
1/2. For the present analysis a value of V= 0.3 is chosen, even though 
‘saturated soils under undrained conditions should be considered incom- 
pressible. The influence of 7, however, on the calculation of stress 
changes under plane strain conditions is not very strong. 

The stress changes are calculated by applying the loads in 
one single step (Dunlop, Duncan, and Seed, 1968). The changes in pore 


pressures due to the stress changes in a triaxial test were formulated 


by Skempton (1954) as: 


Au = B [A63 + A(A0{-463) ] 
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in which: Au = changes in pore pressures 
AO}, 463 = major and minor changes in total stresses 


A, B Pore Pressure Coefficients 


For saturated soils the pore pressure parameter B is equal to one, 


therefore 
Au = A63 + A(A6;-463) 


The pore pressure parameter A varies for any given soil with the 
stresses and strains. Skempton(1954) reported A-values at failure 
due to positive stress increments in the range of A = 1.5 for high 
sensitive clays and A = (-1/2 to 0) for heavily overconsolidated 
clays. Values of A = 0.7 were reported for slightly overconsolidated 
medium plastic clays from Welland (Kwan, 1971) and the Kimola Canal 
(Kankare, 1968). In both cases the values were obtained from triaxial 
tests under loading conditions. For an ideal elastic soil A is 1/3 
during triaxial loading conditions, or A is 1/2 during plane strain 
conditions. 

The present study is concerned with the unloading under plane 
strain conditions of slopes in overconsolidated clays, which have not 
failed during this process. For the analysis A-values are chosen which 
range from zero to 0.5. The principal stresses are considered to be 
acting on vertical and horizontal planes before excavation. Due to 


unloading the principle stresses rotate. The rotation, however, has been 
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found in general not to be very substantial, and therefore, as an ap- 
proximation, the stress changes in the x- and y- directions can be con- 


Sidered identical to the changes of the principal stresses: 


A6y = 063 


Thus Au = aby + A( a0, -06,,) 


The pore pressures immediately after excavation ug are determined from 
the difference between the pore pressures before excavation u* and the 


pore pressure changes due to unloading du: 
Up -~ u* - Au 


The pore pressures Up are calculated by assuming a hydrostatic pore 


water distribution in the ground before excavation: 


ux =f xh 


The difference in pore pressures between the condition immediately af- 
ter excavation Ug and the stabilized groundwater conditions uz repre- 


sent the excess pore pressures AUg which tend to dissipate to reach 


equilibrium groundwater conditions: 


Aue = Up - Ut 
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2.2. Analysis of the Dissipation of Excess Pore Pressures 


The time for equalization of the excess pore pressures with- 
in a slope can be calculated by using Koppula's two-dimensional -conso- 
lidation program (Koppula, 1971), assuming that consolidation and 
swelling follow the same theory. The equation governing the two-dimen- 
sional dissipation of excess pore pressure under plane strain condi- 
tions, written in a dimensionless form, is: 

Fue , Be _ We 
axe we =e 
‘in which: | Ue denotes excess pore pressure at a point (x,y) 
@ denotes the time factor (= cyt/H?) 
Cy denotes the coefficient of consolidation of the em- 
~bankment material 
denotes the time since the inception of dissipation 
denotes the height of the embankment 


denotes x/H 


cea oct 


denotes y/H 


This equation is called the Terzaghi Equation for consolidation in two 
dimensions. The equation is a special case of the three-dimensional 
diffusion of water through a porous medium, which has been developed 
from the simple consolidation theory by Terzaghi (1923) and Rendulic 
(1936). The equation is based exactly on the same assumption as the 
one-dimensional theory. The equation was solved by Koppula (1970) by 


using a Finite Difference approximation. The computer program set up 
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for this purpose solves the consolidation characteristics of an em- 
bankment for the boundary conditions as shown in Fig, 5.3. No drainage 
is specified along the base of the slope and along a vertical boundary 
which is considered far away from the excavated face. The program reads 
in all the input data, regarding the material properties and the geo- 
metric properties of the embankment. The original program is modified 
so that the initial excess pore pressures can also be read. Depending on 
the governing material and operating parameters the program calculates 
the new excess pore pressures at prescribed time factor intervals. For 
the almost complete equalization of the excess pore pressures through- — 
out the cross-sectional area the time factor for full dissipation 
can be obtained and the time for equalization of pore pressures can be 
calculated. It should be remembered that 100% equalization is reached 
after infinite time only. Nevertheless, the time period, after which no 
more excess pore pressures are detectable, will be called the time for 


full dissipation of excess pore pressures. 


3. Presentation of Results and Comparison with Field Observations 


3.1. General 


In order to evaluate the usefulness of the analysis, it has 
to be applied to actual cases and the results have to be compared with 
field observations. However, only very few complete field data exist 
at present of pore pressures immediately after excavation of a slope 


and the consequent pore pressure equalization. Soil parameters such as 
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Kos A, Cg, are only vaguely known for field conditions, so that even 
a very detailed analytical investigation would provide only very ap- 
proximate results. Considering both, scarceness of comparable field 
data, and little information of governing soil parameters, the ana- 
lysis can be only a preliminary study at the present stage. 

The pore pressure change due to unloading during excavation 
of a 100 feet high slope with the inclination of two horizontal to 
one vertical (2 to 1) is analysed first. The Pore Pressure Coefficient 
A for a highly overconsolidated clay has been assumed to be A = 0.3 
and A = 0. Ko-values of 1.0 and 1.5 are considered for the determina- 
tion of the horizontal unloading stresses. The Finite Element model 
of the slope is indicated in Fig. 5.2. The computed pore water distri- 
bution immediately after excavation is shown in Figs. 5.4., 5.5., 
and 5.6. It can be recognized that the pattern of pore pressures with- 
in the slope region does not vary substantially for different assump- 
tions of Ko- and A- values. The assumed steady seepage conditions are 
represented by a flow net as indicated in Fig. 5.7. 

The excess pore pressures from the analysis for Ky = 1.5 
and A = 0.3 have been read into the two-dimensional consolidation pro- 
gram. The dissipation of pore pressures has been calculated for time- 
step intervals of @= 0.01. For almost complete equalization of pore 


pressures a time factor “= 0.33 has been obtained. Very small excess 
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pore pressures are reached already around ©= 0.20. The pore pressure 
distribution after the first time-step is shown in Fig. 5.8. A compa- 
rison with the initial pore pressure distribution obtained for Ky = 1.0 
and A = 0.3 indicates similar values. This shows that variations in 
initial pore pressures due to different assumptions of Ko- and A- 
values are equalized at very early stages of dissipation, and there- 
fore are little reflected during the later stages of pore pressure equa- 
lization. 

By knowing the time factor for full pore pressure equaliza- 
tion T= cyt/H?, the influence of slope height H on time for dissipa- 
tion t can be evaluated, as well as the influence of Coefficient of 
Swelling cs. In Fig. 5.9. Cy is plotted against t for constant embank- 
ment heights H and in Fig. 5.10. H is plotted against t for constant 
Coefficients of Swelling c,, Both plots indicate that the time for 
almost complete equalization of pore pressures increases substantially 
with increasing slope height in materials with low cs-values but only 
slightly for materials with high cs-values. The results obtained so 
far from the pore pressure analysis will be compared with field data 


in the following. 


3.2. Comparison with Field Observations 
Slope at Kimola Canal, Finland (Kankare, 1969) 


The Kimola Canal is situated in Central Finland and was built 


between the winter of 1962 and the summer of 1966. The slopes in highly 


to slightly overconsolidated clays had been designed on the basis of 
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ag = 0 - Analysis for a Factor of Safety Fr = 1.5. In 1963 a large 
number of failures occurred which threw serious doubts on the 
g = 0 - method as a design basis for this canal. A detailed investi- 
gation was started which included common weight soundings, vane 
borings, effective strength tests, and very detailed pore pressure 
measurements. 

The main part of the additional investigations, including 
pore pressure measurements, had been carried out at station 52+70. 
During a large slide in November 1965 all the installations were 
destroyed. Therefore, after this slide the field investigations were 
continued by measuring pore pressures at the upper canal at station 
43+00, where the slopes, so far, are still intact. The properties 
of the soil at the lower canal at station 52+70 are summarized in 
Table V.1. 

Continuous pore pressure measurements were obtained at sta- 
tion 57+70 from July 1964 until November 3rd, 1965, when the failure 
occurred and at station 43+00 from spring 1966 to spring 1968. In all 
cases open standpipe piezometers of the Geonor type were used. The 
piezometers were reported as operating faultlessly on the whole. The 
time lag of the piezometer instrumentation was found to be very short. 
Balanced readings could be recorded within a few hours. During the ex- 
cavation of the canal at station 52+70 between January 24th and Febru- 
ary 2nd, 1965, the piezometers recorded a rapid drop of pore pressures. 


The lowest values were observed on February Ist and 2nd when the exca- 
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vation was finished and water was again rising in the canal between 
the cofferdams. Equalization of pore pressures was reached approxima- 
tely 6 months later. The pore pressures reported for April 20th, 

1965, indicate that steady seapage conditions were not reached at this 
Stage. However, the pore pressures obtained on July 25th, 1965, indi- 
cate similar seepage conditions as measured at later periods (See Fig. 
Seth.) : 

The pore pressures upon unloading and the consequent pore 
pressure dissipation are analysed for this slope section assuming 
Kyo = 1.0 and A = 0.3. The computed change of pore pressures due to ex- 
cavation agrees surprisingly well with the measured values. A compari- 
son between field results and analytical results is given in Fig. 5.12. 
The analysed time for full pore pressure equalization is 1.5 years 
for cs = 30 ft@/year, or 0.7 years for Cs = 60 ft2/year, which is also 
the same order of magnitude as observed in the field. Pore water 
pressures are computed for intermediate time stages, T= 0.05, T= 0.09, 
and T= 0.11, and are shown in Fig. 5.13. For @= 0.05 and @= 0.09 the 
pore pressures are very similar to the ones measured on April 20th, 
1965 (Fig. 5.11.) which is about 3 months after excavation. The time 
factor @= 0.09 represents a dissipation time of 


te- 70.0 years’ +0r Co — “30 ft@/year, or 


t 60 ft2/year, the time factor C= 0.05 a time of 


0.3 years for C, 
t = 0,3 years for cs = 30 ft*/year, or 


2 
t = 0.15 years for ce. = 60 ft ’/year. 
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For the intermediate state as well as for the state of 
full pore pressure equalization good agreement is indicated between 
field observations and analytical results. The variation of data de- 
pends mainly on the choice of the Coefficient of Swelling cs and to 
a far lesser degree on the assumptions made for the actual analysis. 
Slopes along the Panama Canal (USCE, 1970 
In a study of the slopes along the Panama Canal (USCE, 1970) 

previous records were reviewed, geological, field, and laboratory in- 
vestigations were undertaken and the stability of the slopes was ana- 
lysed. Piezometer installations indicated at several locations water 
pressure below canal level. These values show that negative excess 
pore pressures due to unloading during excavation still have not equa- 
lized. The measured pore pressures will be compared with the results 
from the analysis. The field data, however, are rather scarce. In most 
cases only one piezometer installation was reported for each cross-sec- 
tion. Further, the unloading history was most complicated for most 
slopes due to the successive number of landslides which had continuous- 
ly changed the cross-section of the slopes. The "Model-Slope" at sta- 
tion 1796+00 is the only slope with piezometer installations that has 
not failed (See Fig. 5.14.). Because of its rather regular shaped pro- 
file this slope can be easily compared with the example given earlier. 
The following approximations have to be made: 

1) The inclination of the analysed slope is 2 to 1, as compared 


with the actual average slope angle of 2.5 to 1. 
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2) The height H of the analysed embankment is 150 feet. This 
value is approximately equal to the difference between ori- 
ginal groundsurface and present canal water level, as well 
as approximately equal to the height of the slope section 
below the level of the original groundwater table. The ori- 
ginal groundwater table is believed to coincide with the 
lower boundary of the weathered zone. 


The Coefficient of Swelling has been assumed to be 


1 


Cs = 12 ft@/year, as compared to the reported laboratory value of 


NZ ft2/year. The field value is believed to be substantially 


Cs 
higher than the laboratory result, as indicated by the difference be- 
tween field permeability and laboratory values of a factor of 10 to 100. 
Considering that the Coefficient of Volume Compressibility my is in- 
fluenced far less, it is justified to assume that the ccs-value in the 
field is about 10 times larger than the reported laboratory value. The 
characteristic soil properties of the Cucaracha Shale at station 
1796+00 are summarized in Table V.2. 

The time for full pore pressure equalization has been found 
to be 700 years for cc = 12 ft@/year, or 250 years for Cs = 25 ft*/year. 
The stabilized groundwater conditions have been assumed as indicated 
in Fig. 5.14. Thus, the presently observed excess pore pressure is 
about 50 feet below the equilibrium level. The analysis shows that 
this excess pore pressure is reached after a time factor of approxima- 


tely 0.02. Thus, for a dissipation time of about 60 years the Coeffi- 
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cient of Swelling is cs = 7.5 ft*/year, which agrees with the previ- 
ously estimated value. The increasing instability of the "Model-Slope", 
as indicated by the appearance of cracks, can be associated with the 
equalization of the negative excess pore pressures. 


Coastal slope at Folkstone Warren, South England (Wood, 1971) 


For the coastal slopes at Folkstone Warren in southern Eng- 
land pore pressures below sea-level were reported (Wood, 1971). The 
large landslides which have occurred at rather regular intervals at 
this location were described by Toms (1953), Wood (1955), and Hutchin- 
son (1969). A cross-section of the 1915 slide is shown in Fig. 5.15. 
The sediments of Cretaceous age consist of chalk overlying Gault Clay, 
which rests on sands of the Folkstone beds. The back scarp is formed 
by the "High Cliff", beneath which the masses of an old slide extend 
as an irregular shelf. 

During the past two centuries and perhaps over a longer peri- 
od, there has been no general regression of the back scarp. Records of 
the slides exist only for renewed movements within the old slide masses. 
A comparison of the surface profiles before and after the large 1915 
landslide indicates no substantial unloading of the embankment during 
the reactivated slide movements. It appears that the low water 
pressures in the slope have to be referred to the unloading during the 
initial slide. 

The time for full equalization has been estimated by using 


the results of the present pore pressure analysis for an embankment 
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Of 550 feet height, and a slope inclination of 2 to 1. The actual 
inclination of the slope at Folkstone Warren is on average 2.5 to 1. 
The time for full equalization of pore pressures has been computed 
to be t = 5000 years for cs = 20 ft@/year, or t = 2500 years for 
cc. = 40 ft2/year. Assuming that the stabilized groundwater conditions 
are represented by the water level in the undisturbed Gault Clay at 
level +18 feet, the present negative excess pore pressures are aes 
lent to 50 feet water pressure. In the analysis this value is reached 
approximately after a time factor of ©= 0.05. Thus, the slide can be 
backdated by 750 years for c. = 20 ft@/year, or 375 years for 
Cs = 40 ft@/year. 

The occurrence of small subsidence movements in the chalk for 
a distance of around 60 feet behind the "High Cliff" has been quoted 
as evidence of progressive failure in the Gault Clay due to Bjerrum's 
mechanisms (Skempton and Hutchinson, 1969). The negative excess pore 


pressures in the slope suggest, however, that these movements can be 


associated with continuing pore pressure equalization. 


Cuts in London Clay 

Many cuts in London Clay failed about 20 to 60 years after 
they had been excavated. The egies were generally attributed to me- 
chanisms of time-dependent strength reduction (e.g. Skempton, 1964; 
James, 1970). The results of the pore pressure analysis indicate for 


comparable slopes (H = 80 feet, Cs = 40 ft@/year) a time for full 


equalization of 60 years. This result may suggest that the slides 
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in London Clay could also be explained in terms of delayed pore 
pressure equalization. 
Welland Test Pit, Canada (Kwan, 1971) 

As a part of the stability study for the design of side 
slopes of a canal a comprehensively instrumented test excavation was 
made in Welland clays, which are overconsolidated clays of Pleistocene 
age. The cut was made in a clayey silty till, which was underlain by 
stratified clay, as shown in Fig. 5.16. The material properties of the 
clays of the test slope are summarized in Table V.3. 

Excavation was carried out in stages. In the first stage the 
top 17 feet of dessicated sediments were removed bringing the ground 
level to elevation 560.0 feet. In the second stage a vertical slope 
was cut within 4 days to an average depth of 30 feet. The length of the 
slope was limited to 50 feet by excavating two vertical trenches at the 
ends, as indicated in Fig. 5.17. During the entire excavation period 
precipitation was low and temperatures rarely dropped below 0° F. On Fe- 
bruary 21st, a sump was excavated on top of the vertical block and water 
was ponded in the sump for a short time in an attempt to break the fro- 
zen surface. After that a hair line crack was discovered which quickly 
developed across the sump at a distance of approximately 21 feet from 
the vertical face (See Fig. 5.17.). On February 22nd failure occurred, 
after the slope had stood vertically for 4 days. The failure plane did 
not follow the initially observed tension crack, but started along a 


second crack which became visible only hours before the failure took 
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place, as shown in Fig. 5.17. 

After the completion of the first stage of excavation the 
anticipated failure area was instrumented. Marker stakes were driven, 
strain recording devices were installed, and 52 piezometers open stand- 
pipes of Geonor-type were installed in two identical rows parallel to 
the center line of the excavation. The location of the piezometers 
around the failure area is shown in Fig. 5.16. The pore pressure read- 
ings immediately before excavation of the vertical slope (Febr.15th) 
are given in Fig. 5.18., and the readings taken 5 days after the end 
of construction of the vertical slope (Febr. 23rd, 1967) in Fig. 5.24. 

For the calculation of the pore pressure changes due to exca- 
vation a Finite Element model is used as shown in Fig. 5.19. For the 
region of interest a finer grid is selected than for the surrounding 
zones. To simulate the unloading process stresses are applied as shown 
in Fig. 5.20. The Coefficient of Earth Pressure at Rest Ko is unknown, 
and has been assumed to be 1.0 and 1.4. For the Welland Canal an A-value 
of 0.7 had been reported for loading in a triaxial test. The vertical 
cut under consideration was separated from the adjoining zones by verti- 
cal trenches. Thus, unloading in the field occurred under conditions si- 
milar to a triaxial test, and the reported A-value might be a realistic 
value for this slope configuration. The pore pressure changes due to un- 
loading are analysed for A = 0.7 and A = 0.3. In Fig. 5.16. the pore 
pressure changes from the analysis are compared with the measured values. 


The measured decrease of pore pressures from the value before excavation 
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to a constant value, around 4 to 5 days after the end of construction, 
is considered to represent the pore pressure changes due to excavation. 
The calculated pore pressures for the stage immediately after excava- 
tion are shown in Figs. 5.21., 5.22., and 5.23. The measured pore 
pressures after excavation are given in Fig. 5.24. 

Failure of the vertical face occurred 2 days after completion 
of the excavation. Because very little pore pressure equalization had 
occurred within this short time period, it is not possible to correlate 
numerically the failure with the dissipation of negative excess pore 
pressures. For the determination of the excess pore pressures steady 
seepage conditions have been assumed as indicated in Fig. 5.25. Complete 
dissipation of the excess pore pressures has been obtained for a time 
factor T= 0.03. With a reported Swelling Coefficient cc = 30 ft? /year 
the time for full equalization of pore pressures is about one year. 

The average strength mobilized at failure of the cut was re- 
ported as close to peak. The failed material shows a very flat-topped 
stress strain curve, which indicates that the average strength mobi- 
lized at first-time failure in this material has to be close to peak 
strength. If the calculated pore pressures are in good agreement with 
the actual values, a stability analysis, which considers the computed 
pore pressures and peak strength parameters should result in a Factor 
of Safety equal to one. 


Two failure surfaces are analysed, 


a) the failure surface which considers the maximum extension of 
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the failure zone, as indicated by section a) in Figs. 5.17. 

and 5.26., 

b) the failure surface which considers the minimum extension of 

the failure zone, as indicated by section b) in Figs. 5.17. 

and 5.26. 

For the computed pore pressure distribution as shown in Fig. 5.21. the 
Factor of Safety is 0.86 along section a) and 1.10 along section b). 
The average Factor of Safety is 1.00. The stability analysis shows that 
the computed pore pressures in the failure zone are in good agreement 
with the actual values. 

Pore pressures immediately after excavation were reported for 
an excavation in Boom Clay (Morgenstern, 1971) with dimensions similar 
to the cut in Welland Clay. The measured pore pressure distribution 
immediately after excavation, as shown in Fig. 5.27., indicates a pat- 


tern comparable to the computed pore pressures, as shown in Figs. 5.21. 


and 5,22. 


4. Discussion 


The analysis of the equalization of pore pressures after exca- 
vation of a cut is affected by several limitations and assumptions: 


1) A purely elastic material has to be assumed. 


2) Generally the pore pressure parameter A for unloading is 


not well known. 


3) A Coefficient of Earth Pressure at Rest Ky has to be 


assumed. 
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4) Pore water distribution before excavation and the final 


Steady flow conditions have to be assumed for most cases. 


on 
— 


The overall Coefficient of Swelling c, for a natural material 


is generally not clearly defined. 


(>) 
— 


The two-dimensional consolidation analysis implies serious 
limitations, particularly because drainage boundary condi- 
tions along the base of a cut are not clearly known in most 
natural slopes. The change of permeability due to the change 
of effective stresses cannot be considered in the analysis. 
The predictions of pore pressures immediately after excavation, 
however, appeared in rather good agreement with field observations, par- 
ticularly for the slope of the Kimola Canal, but also for the Welland 
Test Pit and the cut in Boom Clay. It seems that the pattern of pore 
pressures within the slope region is relatively insensitive to varia- 
tions of Kp- and A- values, at least for the range of values investigated 

The pore pressure analysis based on the Finite Element Analysis 
may become a valuable tool to determine the pore pressures in the ground 
immediately after excavation of a slope in homogeneous overconsolidated 
materials. However, for this application of the analysis further compari - 
son with good field data is needed. 

The modelled process of pore pressure dissipation can be com- 
pared with field conditions only in very general terms, mainly because 


of the lack of continuous pore pressure observations after excavation 
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of a cut. The few data obtained, however, indicate its practical 
value: The observations from the Kimola Canal are in surprisingly 
good agreement with the analytical results. Also the analysis of 
the "Model-Slope" along the Panama Canal shows reasonable agreement 
with the field observations. The time range for full dissipation of 
excess pore pressures due to unloading of higher slopes is in the 
order of many hundred years. Therefore many failures might be attri- 
buted to delayed pore pressure equalization. 

It is interesting to note that the computed time values 
for pore pressure equalization are of the same order of magnitude as 
the values which had been reported for the time between excavation 
and failure of many comparable slopes. This observation might suggest 
that many slides which in the past have been explained by progressive 
failure could have been caused by the decrease of effective stress 


due to dissipation of negative excess pore pressures. 
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FIG. 5.11. KIMOLA CANAL: 
EQUIPOTENTIAL CURVES OF PORE PRESSURE AT STATI 
a) APRIL 20th, 1965 ON 52470. 
b) JULY 25th, 1965 
c) OCTOBER 27th, 1965 


(KANKARE, 1968) 
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AW equivalent to head of 


water pressure in metres 


Fae) -1.5 PO) a | Tie 


Computed Values: 


Ko = DO, A Sd OP) 


~1,5 -2.0 ae ep el Ta eal) 


Measured Values: 


CHANGE OF PORE PRESSURES DUE TO EXCAVATION OF KIMOLA CANAL SECTION 52+70: 


COMPARISON OF COMPUTED AND MEASURED PORE PRESSURE CHANGES 
(AFTER KANKARE, 1968). 
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DISSIPATION OF EXCESS PORE PRESSURES IN KIMOLA CANAL SLOPE AT ST. 52+70: 


PORE PRESSURE DISTRIBUTION AT 3 INTERMEDIATE STAGES OF DISSIPATION. 
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FIG. 5.14. DISSIPATION OF EXCESS PORE PRESSURES 
AT PANAMA CANAL, STATION 1796+00 ("MODEL SLOPE") 
(AFTER USCE, 1970). 
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pore pressure changes in klbs/f| 
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Measured values 


Computed values for Ko 


ELGyeo. ho. 
CHANGE OF PORE PRESSURES DUE TO EXCAVATION OF WELLAND TEST PIT 
COMPARISON OF MEASURED AND COMPUTED PORE PRESSURE CHANGES 


(AFTER KWAN, 1971). 
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FIG. 5.18. WELLAND TEST PIT 


FLOW NET CONSTRUCTED ACCORDING TO THE PRESSURE READINGS 
IMMEDIATELY BEFORE CONSTRUCTION OF TRIAL PIT (KWAN, 1971). 
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MODEL FOR FINITE ELEMENT STRESS ANALYSIS OF WELLAND TEST PIT. 


FIG. 5.19. PORE PRESSURES DUE TO UNLOADING: 
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FIG. 5.24. WELLAND TEST PIT 


FLOW NET CONSTRUCTED ACCORDING TO THE PORE PRESSURE READINGS 


(KWAN, 1971). 


MEASURED 5 DAYS AFTER END OF CONSTRUCTION OF TRIAL PIT 
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CHAPTER VI 


CONCLUSIONS 


1. Post Peak Behavior of Overconsolidated Clays and Mudstones 


Field evidence indicates that progressive failure in over- 
consolidated clays and mudstones takes place in two successive sta- 
ges. The first stage of progressive failure is characterized by the 
"fully softened state of strength" (Skempton, 1970) with c' = 0 
and g' = 8 ' peak as the governing parameters. The second and final 
stage is defined by residual strength conditions with c' = 0 and 
d' = $' residual as the governing strength parameters. 

The first stage of progressive failure can be reached through 
softening processes as described by Terzaghi (1936) and Skempton (1948 
and 1970) and through weathering. The second stage of progressive 
failure can be reached only after very large strains and after passing 
through the "fully softened state of strength" (e.g. Skempton, 1970; 
Schofield and Wroth, 1968; Roscoe, 1967). The post peak behavior in 
overconsolidated clays and mudstones can be compared with the post peak 
behavior of granular materials which have been investigated in much de- 
tail (Wroth, 1958; Roscoe, Schofield and Wroth, 1958; Roscoe, 1965; 
Rowe, 1965 and 1969). It has been shown that there is a remarkable simi- 


larity between the behavior of clays and cohesionless granular media 
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(Roscoe, Schofield and Wroth, 1958; Rowe, 1962; Barden, 1972). Simi- 
larly to granular materials, overconsolidated clays and mudstones 
start to dilate at greater shear deformations. This is indicated by 
an opening of fissures and an increase of water content along the 
zone of failure. At the same time the strength starts to decrease until 
it reaches the strength of a normally consolidated soil. It can be ima- 
gined that the softened shear zones contain numerous discontinuous 
Shears (Skempton, 1970), which develop due to locally generated diffe- 
rential movements. Along these small shear zones orientation of the 
clay particles can be observed iMoraenstern and Tschalenko, 1967) and 
locally residual strength conditions might hold. The overall strength, 
however, is represented by the fully softened strength. During further 
displacements the number and extension of shear zones increases until 
some of them eventually link together and form one or several continu- 
ous shear planes, which initially show undulating surfaces. Finally, af- 
ter very large displacements, a smooth main slip plane might develop 
along which the overall shearing resistance is determined by the resi- 
dual strength conditions. Examples indicating the need of very large 
strains for residual strength conditions were reported by James (1970). 
Test results from the ring shear apparatus (Hvorslev, 1960; Bishop 
et al., 1971) also indicated the importance of very large strains for 
the reorientation of clay particles and the resultant reduction of 
angle of friction. Dilatancy and breakdown of cementation bonds are 


believed to result in a destruction of cohesion. 
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2. The Water Deterioration Tests as_ Indications of possible 
Strength Reductions 


The standard compression softening test measures the loss in 
strength for undisturbed materials exposed to water at zero stress. The 
quantitative slaking test indicates the deterioration of disturbed mate- 
rials, disturbed by cyclic drying and wetting. The rate of slaking test 
predicts the rate of deterioration during one cycle of drying and wet- 
ting. 

Strength softening, as described by the compression softening 
tests, results in a reduction in strength as well as in stifméss: The 
decreased stiffness might lead to deformations at unchanged total stress- 
es, as indicated by Fig. 3.12. These deformations might cause differen- 
tial strains along differently softened zones. Joints might open up and 
slickensides might develop, thus disturbing the original structure of 
the material. Slight disturbances have been observed to initiate slaking 
(Balasubramonian, 1972; Hamon and Post, 1969; Nakano, 1967; Underwood, 
1961). In these disturbed regions, slaking starts to take place and con- 
tinues to weaken the material progressively at a faster rate than during 
strength softening. Fast slaking materials were found more sensitive 
to disturbances than slowly slaking ones. Accelerated weakening can be 
expected to occur sooner and more severely in fast and highly slaking 
materials than in less slaking materials. Softening is thought to occur 
in rock slopes as well. Because of the slower rate of reduction in stiff- 


ness and a lower degree of strength reduction during softening and 
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Slaking, the process is far less severe and occurs at a much slower 
rate than in stiff and hard clays. However very thin soft zones 
along joint surfaces can create substantial strength reductions along 
these discontinuities (Rengers, 1971), and thus can influence the 
average strength in a slope material. A good example to illustrate the 
result of the combined action of strength softening and slaking in a 
hard clay is given by the back slope material of the Devon Slide (Ei- 
genbrod and Morgenstern, 1971), where blocks of essentially unweathered 
materials are found separated by softened clay. Large scale triaxial 
tests revealed a substantially lower strength for the overall weathered 
material (including lumps of unweathered clay) than for the intact un- 
weathered clay. A substantially lower cohesion intercept was found. 

The influence of slaking is most spectacular in surface zones 
which are affected by cyclic drying and wetting. But slaking can also 
occur within zones of fluctuating water tables and vapor pressure (Na- 
kano, 1967), or in zones which have been mechanically disturbed by tec- 
tonic movements (Nakano, 1967; Esu, 1967), e.g. in fault zones, or in 
zones of old landslides. 

During slaking, substantial volume changes have been observed. 
These are very likely nonhomogeneous within the clay mass, and result in 
differential strains along zones of different volume change characte- 
ristics. Slickensides might be formed and as a consequence the effective 
strength might be reduced. Similarly, but at a larger scale, differential 


movements might occur along the interface of highly swelling and low 
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swelling materials (e.g. along the interbed between bentonite and 
coal), within slopes affected by Slaking. Because of the very large 
possible volume changes, these differential strains can be imagined 
as high enough to shear the soil to such a degree that not only the 
cohesion intercept, but also the angle of friction might be reduced. 
This process however, is probably very slow, so that it might be 
very difficult to substantiate it by field evidence, 

During slaking the Liquidity Index of a clay or mudstone in- 
creases. Eventually a very soft state can be reached described by a 
Liquidity Index I; = 1. Extensive slaking, which is mainly restricted 
to surface zones, leads often to mudflows in the weakened surface 
zones of clays or mudstones (Esu, 1967). However, sometimes temporary 
increase of strength during a slaking process can also occur, when 
materials, such as ironoxides or carbonates, penetrate into the slaking 


materials and act as cementing agents. 


3. Field Evidence of Strength Reduction 


A general correlation between landsliding and water deterio- 
ration has been reported by Nakano (1967) for Japanese mudstones. Locker 
(1969) observed for the bedrock in Central Alberta, Canada, that the Li- 
quid Limit decreases from East to West. High Liquid Limits were found to 
indicate highly slaking materials. Accordingly the number of landslides 
along the river valleys decreases in a westerly direction. A study of 


river valleys in Alberta revealed a close correlation between landslide 
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activity and lithology (Roggensack, 1971; Arvidson, 1972). From other 
areas there is ample field evidence for relatively stable slopes in 
little and slowly slaking clays: e.g. in Ball Clay (Best and Fookes, 
1970), or in kaolinitic sediments in southern Alberta. The observed 
correlation between number of landslides and water deterioration 
properties of the materials involved indicates the importance of strength 
reduction resulting from dilatancy and increase in water content. 

Fully softened strength conditions as reflected in c' = 0 
and g' = b' neak were measured for slaked materials. Hamon and Post (1969) 
reported for shale from Java after slaking in the field the same strength 
Parameters as after remoulding. Shear tests on Cucaracha Shale from the 
Panama Canal were performed after the samples had been slightly dried 
and consequently wetted to equilibrium water content. Fully softened 
strength conditions (c' = 0 and ¢g' = B peak) were found to govern the 
strength of these samples. Fully softened strength values together with 
representative pore pressure values explained the failures at the Panama 
Canal (USCE, 1971). The partly softened strength results obtained for 
the back slope materials of the Devon Slide (Eigenbrod and Morgenstern, 
1971) were supported by the stability analysis of the slope failure. Sof- 
tened strength values were similarly considered along the back slope ma- 
terials of the Lesueur Slide (Thomson, 1971) and a more satisfying ex- 
planation for the slope failure than previously given could be obtained. 
A large number of cases of first-time slides were quoted by James (1970) 


in which softened strength parameters had been mobilized at failure. 
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The possibility of residual strength conditions mobilized 
along a first-time failure plane cannot be conclusively supported by 
field evidence. Bishop (1971), however, pointed out that a nonuniform 
mobilization of strength from peak to residual along the slip surface 
might also account for known cases of first-time slides. A large num- 
ber of reports on stable slopes in materials with unstable stress strain 
curves indicate that there is no mechanism which can create residual 
strength conditions in a slope before failure (e.g. Esu, 1967; Kan- 
kare, 1968; De Beer, 1969). For the slopes of the upper Kimola Canal 
(Kankare, 1968) the Factor of Safety in terms of peak strength was 
equal to 1.16 and in terms of fully softened strength less than one, 
at the most critical groundwater conditions. However, no failure 
has occurred yet. 

The possibility of nonhomogeneous strength mobilization in 
slopes appears to be reduced due to the effect of yielding. Yielding in 
natural slopes causes stress redistribution: Unloading of the yielded 
zone occurs and subsequent increase of stress in zones which have not 
yielded so far. This process could be recognized in a Finite Element mo- 
del of a slope for which an unstable stress strain curve and yielding 
was considered (Gates and Zehrbach, 1972). The stress redistribution 
consequent to local yielding in a slope tends to reduce initially in- 
duced stress concentrations. This process counteracts the tendency to 
form a localized zone of failure, as observed in triaxial test specimens. 


Nonhomogeneous ly mobilized strength along a potential failure plane be- 


Samet i 


pastt edn soho dgpnande Prog takeeod ‘ont ohh 
ed: bosroqaus lave Foran 9 : 
mOPRnOROR 8 eat ‘tuo! ras Oe | 
eT athe: eit ot Teron or taa9 0 more sitgnante 90.1 iv 
fii sort A | veabite onto te. éezeo won YO mioad6 0 
% am nb eaqofe ofdsse 0 ren 
subiesy ane: feo dakdw madoeitom on at onan ‘Seitd 
16% : Vee? eed <2. 9) owite? ‘stoted aqore sat vepedind a | 
“fend slomty ‘agque sits te doqote ons 104 ofeaeF pai 
26W ‘Atpaenite — 40 areedt at vist G2 to vsa88 il ‘teoer ’ 


nente abatte aldatene! tht w ot 


e “nt ; yflersint me pat Ou \ADits 
My, ot _Yonsbne a si mm - F 


266 
comes more unlikely. The likelihood of the nonhomogeneous mobiliza- 
tion of strength is the greatest along interfaces of soft and hard 
materials. This, however, is difficult to prove by field evidence, 
Since these zones are often already sheared in place. Further it 
must be remembered that only average strength values can be con- 
Sidered in a failure analysis. 

Case histories of slides in slightly overconsolidated non- 
fissured clay with flat-topped stress strain curves suggest that these 
materials are not prone to any kind of progressive failure. 

Summarizing the results of the investigations it can be sug- 
gested that the design of permanent slopes which have not failed previ- 
ously can be based on the fully softened strength parameters: 

c' = 0 and 

g' = 6 peak - aS measured from representative samples. 
Slopes in non-fissured clays with a Work Softening Index less than 0.2 


can be designed on the basis of peak strength parameters. 


4. Importance of Zones of Nonhomogeneities 


Most natural slopes are nonhomogeneous in terms of strength 
as well as in terms of water pressures. This is indicated for the majo- 
rity of the slides investigated. Zones of low strength are often smal! 
features and therefore very difficult to detect. However, the mechanisms , 
which created weak zones, often can be easily recognized, such as old 
landslides, glacial ice movements, or tectonic movements. Whenever these 


conditions are prevalent failure zones must be expected. The presence of 
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sheared clay in place, however, is not always indicated by dramatic 
geomorphological evidence. Less pronounced features, such as anticli- 
nal rebound of strata in response to valley formation, nonuniform 
swelling, solifluction, or sedimentological features, can also account 
for failure zones. Therefore a special concern for minor geological 
details is always warranted. 

To properly evaluate the stability of a natural slope, the 
true water pressure distribution has to be known. Particularly 
in complex sedimentary bedrock, as demonstrated by the Devon 
Slide (Eigenbrod and Morgenstern, 1971), detailed studies are needed 
to detect the representative pore pressure distribution. Nonhomogene- 
ous water pressure distribution is not only dependent on the local ge- 
ology but can also be caused by stress induced permeability changes 
during excavation of a slope (Guther, 1972). Time-dependent pore 
pressure changes, such as dissipation of negative excess pore pressures, 
or pore pressure changes correlated to climatological conditions, af- 
fect the stability of slopes. Only adequate piezometer installations, 


which take these factors into account, can provide representative re- 


sults. 


5. Analyses of the Pore Pressure Changes following 
the Excavation of a Slope 


In a numerical analysis the pore pressure changes due to ex- 


cavation of a slope were calculated. The analytical results agree rea- 


sonably well with pore pressure measurements in comparable slopes. This 
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Suggests that pore pressures immediately after slope excavation 
can be predicted analytically in homogeneous materials. 

The results of an analysis dealing with the dissipation of 
excess pore pressures due to unloading can also be substantiated by 
field evidence however, very few comparable field data are available. 
The time for pore pressure dissipation is often in the range of seve- 
ral hundred years. Therefore many failures might be caused by the de- 
layed equalization of pore pressures. For many slopes it can be noted 
that the time for full dissipation is of the same order of magnitude 


as the time between excavation and failure. 


6. Classification of Noncalcareous, Inorganic, Sedimentary Materials 
Overconsolidated clays and mudstones have been classified 
on the basis of water deterioration tests. The standard compression 
softening tests separate two groups of materials on the basis of 
strength loss during softening. The one group of materials never 
loses more than 50% of its strength and is called rock. The second 
group loses more than 50% of its strength during softening and is 
called clay. Clays can be further classified according to the rate 
of strength loss: Hard Clays lose 50% of their strength within a period 
of more than one day. Stiff Clays lose 50% of their strength within 
hours. The amount of strength loss was found to be predictible from 
the compression strength of the unsoftened material. 
Clays and mudstones can be further characterized in terms of 


slaking properties. The maximum water content obtained during slaking 
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was equal to the Liquid Limit of the respective material. Therefore 
the Liquid Limit can be used in predicting the maximum amount of 
Slaking which can be expected for a material. The rate of Slaking is 
described by the change of Liquidity Index during water immersion of 
ovendried specimens. The rate of slaking test is very helpful in the 
interpretation of the standard compression softening test results. Da- 
ta which deviate from the general trend can be explained, and data in 
the zone of transition between rocks and clays can be better evaluated. 
For example, Clagget Shale showed the initial compressive strength of 
a rock, but nevertheless was found to lose more than 50% of its strength 
within hours just like a stiff clay. This discrepancy can be explained 
by its exceptional high rate of slaking, which indicates that already 
Slight disturbances would initiate slaking in Clagget Shale. 

The water deterioration tests are believed to provide much 
quantitative information which is useful for most engineering projects 
dealing with overconsolidated clays and mudstones in the design of 


long-term excavations, embankments, dams, tunnels, and all kinds of 


mining operations. 


7. Recommendations 
The validity of the present study on progressive failure is 
limited by the small number of complete case histories of first-time 


slides. Therefore more detailed investigations of first-time failures 


are needed. 
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The present investigation is concerned only with overcon- 
solidated clays and mudstones. It might be important to expand the 
study to other problematic materials, such as quick-clays. 

The Finite Element Analysis dealing with pore pressure 
changes upon excavating of slopes, as well as the calculation of the 
dissipation of excess pore pressures due to unloading can be further 
systemized and refined. This, however, is justified only if more de- 
tailed comparable field data are available. There is a particular 
need for continuous pore pressure observations in fresh cuts, taken 
from the start of the excavation until steady seepage conditions are 
reached. 

An analysis of the volume changes during the dissipation 
of pore pressures might be worthwhile in order to investigate the 
possibility of large differential strains between swelling and non- 
swelling layers. A comparison between an analytical model and a labo- 
ratory model could indicate the conditions which favour large diffe- 
rential volume changes, and could possibly show whether the resulting 
differential strains can in fact create continuous shear planes. 

The water deterioration tests have been developed for a 
wide range of materials originating in various parts of the world. 
Nevertheless, it might be useful to find out whether the obtained 
correlations hold true for all noncalcareous, inorganic, sedimentary 
materials, such as tuff, or other kinds of materials which have not 


been considered in the present study. The test results are correlated 
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to the behavior in practice only in terms of Index Properties and 
qualitative information. It might be useful to summarize all avai- 
lable data and to show, possibly quantitatively, how the test re- 
sults apply to specific engineering design problems. 

A correlation with other classification tests might also 


be warranted. 
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FIG. A 3.2. STANDARD COMPRESSION SOFTENING TEST: 
UNDRAINED SHEAR STRENGTH VERSUS TIME OF WATER IMMERSION 
FOR MATERIAL NO. 2 
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STANDARD COMPRESSION SOFTENING TEST: UNDRAINED SHEAR STRENGTH 
VERSUS TIME OF WATER IMMERSION FOR MATERIAL NO. 12 


(PIERRE SHALE). 
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FIG. A 3.13. STANDARD COMPRESSION SOFTENING TEST: 
UNDRAINED SHEAR STRENGTH VERSUS TIME OF WATER IMMERSION 


FOR MATERIAL NO. 14 (COLORADO SHALE). 
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FIG. A 3.19. STANDARD COMPRESSION SOFTENING TEST: 
CHANGE OF WATER CONTENT WITH TIME OF WATER IMMERSION 


FOR MATERIAL NO. 8 (BEARPAW SHALE). 
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FIG. A 3.28. STANDARD COMPRESSION SOFTENING TEST: 
CHANGE OF UNDRAINEN MODULUS OF ELASTICITY 
WITH TIME QF SOFTENING FOR MATERIAL NO. 3. 
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_ STANDARD COMPRESSION SOFTENING TEST: 
FIG. A 3.29. RU ANGE OF UNDRATNED MODULUS OF ELASTICITY 


WITH TIME OF SOFTENING FOR MATERIAL NO. 4. 
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STANDARD COMPRESSION SOFTENING TEST: 
CHANGE OF UNDRAINED MODULUS OF ELASTICITY 
WITH TIME OF SOFTENING FOR MATERIAL NO. 6. 
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FIG. A 3.32. STANDARD COMPRESSION SOFTENING TEST: 
CHANGE OF UNDRAINED MODULUS OF ELASTICITY 
WITH TIME OF SOFTENING FOR MATERIAL NO. 7 
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FIG. A 3.34. STANDARD COMPRESSION SOFTENING TEST: 
CHANGE OF UNDRAINED MODULUS OF ELASTICITY 
WITH TIME OF SOFTENING FOR MATERIAL NO. 9 
(OXFORD CLAY). 
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FIG. A 3.35. STANDARD COMPRESSION SOFTENING TEST: 
CHANGE OF UNDRAINED MODULUS OF ELASTICITY 
WITH TIME OF SOFTENING FOR MATERIAL NO. 10 
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FIG. A 3.37. STANDARD COMPRESSION SOFTENING TEST: 
CHANGE OF UNDRAINED MODULUS OF ELASTICITY 


WITH TIME OF SOFTENING FOR MATERIAL NO. 12 
(PIERRE SHALE). 
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FIG. A 3.38. STANDARD COMPRESSION SOFTENING TEST: 
CHANGE OF UNDRAINED MODULUS OF ELASTICITY 
WITH TIME OF SOFTENING FOR MATERIAL NO. 14 
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FIG. A 3.45. QUANTITATIVE SLAKING TEST: 
STABILIZED WATER CONTENT AFTER EACH WETTING STAGE 
VERSUS NUMBER OF SLAKING CYCLES FOR MATERIALS 
12 AND 13. 
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FIG. A 3.46. QUANTITATIVE SLAKING TEST: 
STABILIZED WATER CONTENT AFTER EACH WETTING STAGE 
VERSUS NUMBER OF SLAKING CYCLES FOR MATERIAL NO. 14. 
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NTITATIVE SLAKING TEST: 
Paes CTAB ILIZED WATER CONTENT AFTER EACH WETTING STAGE 


VERSUS NUMBER OF SLAKING CYCLES FOR MATERIAL NO. 20. 
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FIG. A 3.54. QUANTITATIVE SLAKING TEST: 
STABILIZED WATER CONTENT AFTER EACH WETTING STAGE 
VERSUS NUMBER OF SLAKING CYCLES FOR MATERIAL NO. 23. 
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FIG. A 3.56. QUANTITATIVE SLAKING TEST: 
LIQUIDITY INDEX VERSUS NO. OF SLAKING CYCLES 
IN A SQUARE ROOT PLOT. 
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FIG. A 3.63. RATE OF SLAKING TEST: 
WATER CONTENT VERSUS LIQUID LIMIT. 
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FIG. A 3.64. RATE OF SLAKING TEST: 
LIQUIDITY INDEX VERSUS LIQUID LIMIT. 
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APPENDIX B 


PROCEDURE FOR CLASSIFICATION TESTS 


I. Slaking 


Find amount of slaking from Liquid Limit according to ASTM 


designation D423-54T. 


II. Rate of Slaking 
1. Take pieces of less than T inch diameter and ovendry them 


(t = 105° C). Determine natural water content, if possible. 

2. Take dry weight of material to be immersed in water (around 
20 grams), and place it into funnel which is covered with 
filterpaper. 

3. Immerse the material, which is sitting in the funnel, into 
water and leave it for 2 hours. Tap water may be used. 

4. Determine water content after 2 hours. 


5. Find Al, after 2 hours of water immersion. 


III. Standard Compression Softening Test 


Compression tests: (preferably O3 = 50 psi) 
strain rate: 0.014"/min. 


sample size: 6" to 2" diameter 
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B2 
1. Compression tests on 3 fresh specimens. 


If Cyo > 300 psi and rate of slaking is slow, no further 


tests are needed. In all other cases continue with 2. 


2. Immerse 5 specimens of undisturbed materials into distilled 


water. 


3. Do compression test on one sample after 1 hour: 
Tf Cu/Cyo <-0.8: do-3.1. 


if Cy/Cyo > 0.8: do 3.2. 


3.1. Do compression test on the 2nd and 3rd specimen immedia- 


tely. 
if Cy/Cyg < 9.5: do 3.1.1. 
if Cy/cyp > 0.5: do 3.1.2. 


3.1.1. Do compression test on the 4th and 5th specimen 


immediately. 


3.1.2. Do compression test on the 4th and 5th specimen 


after 4 hours. 


3.2. Do compression test on the 2nd and 3rd specimen after 


2 days: 
if cy/ Cyo < 0.5: do 3.2.1. 


if Cy/Cyo > O25: ‘do ssaeece 
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3.2.1. Do compression test on the 4th and 5th specimen 
immediately. 

3.2.2. Do compression test on the 4th and 5th specimen 


after 6 to 10 days. 


Water contents should be determined after each compression test. 
Plot cy/Cyo versus time of water immersion in a semilogarithmic 


plot and find time for 50% strength reduction tgp. 
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